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ABSTRACT
Dairy Manure Flushwater Treatment by Algae Raceway Ponds and Aerated Biofilm
Reactors
Darin Son

Nitrogen removal technologies can help dairy industries meet their nutrient management
needs. This thesis investigated two separate treatment technologies for total ammonia
nitrogen (TAN) removal: algae raceway ponds and aerated biofilm reactors. Six 1000liter algae raceway ponds and four 1000-liter tote tanks, each equipped with 10 sheets of
nonwoven geotextile (i.e., thermally bonded or needle-punched) biofilm substrate, were
used to treat the effluent from a flush dairy in central coastal California (TAN = 251
mg/L, cBOD5 = 204 mg/L). For the algae raceway ponds (TAN loading rate = 7 - 35
g/m3-day among 7-, 10- and 14-day hydraulic residence times (HRT)), first-order
removal rate constants (k) were ~0.2 day-1 in the summer and 0.1 - 0.2 day-1 in the winter.
Removal rate constants had no correlations (R2 < 0.1) with water temperature, weak to
moderate (for 7-day ponds, R2 = 0.55) correlations with insolation and weak to no
correlations with biomass (i.e. volatile solids) concentration. During the winter, low
insolation likely inhibited algal photosynthesis and biological TAN treatment. Ponds with
7-day HRT had distinct absence of nitrate and nitrite compared to 10- and 14-day ponds.
Net productivities were ~20 g/m2-day in summer and 9 – 11 g/m2-day in winter; gross
productivities were 120 – 160 g/m2-day in summer and 77 – 150 g/m2-day in winter.
Productivities had no correlations (R2 < 0.1) with water temperature and weak to
moderate correlations (for 14-day ponds, net productivity R2 = 0.56, gross productivity
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R2 = 0.83) with insolation. Analysis of organic compounds in pond effluent showed
dissolved volatile solids (~2300 mg/L) were mostly non-biodegradable (~98% of soluble
oxygen demand). Dissolved organic nitrogen concentrations in the pond effluent were
~35 mg/L.
For the aerated biofilm reactors, tanks with needle-punched geotextiles had greater firstorder TAN removal rate constants (0.69 day-1) than tanks with thermally bonded
geotextiles (0.23 day-1) while operating in batch mode. Needle-punched geotextile
reactor also accumulated sludge faster and had higher attached to water column biomass
(i.e. volatile solids) ratios (~0.08 g VS/g VS) than thermally bonded geotextile reactor
(~0.04 g VS/g VS). Among the four tanks, mass of attached biomass was 150 – 340 g per
tank while mass of biomass in the water column was 3290 – 5430 g per tank.
Comparing the two treatment technologies, aerated biofilm reactors (removal = 64 –
77%, k = 0.2 – 0.3 day-1, removal rate = 36 – 43 g-N/m2-day, 16 – 19 g-N/m3-day) had
more removal and faster removal rates per square meter of land footprint compared to the
algae raceway ponds (removal = 38 – 77%, k = 0.1 – 0.2 day-1, removal rate = 4 – 5 gN/m2-day, 13 – 17 g-N/m3-day), likely due to direct application of aerators in the
reactors.

Keywords: Dairy Wastewater, Raceway Pond, Aeration, Attached Media, Nitrification,
Assimilation, Simultaneous Nitrification/Denitrification.
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1. INTRODUCTION
The California dairy industry is an important part of not only the state but the nation’s
economy, leading the nation in milk production (CDFA 2012). However, dairy farms are
also one of the nation’s primary sources of nutrient pollution due to the high nitrogen
content of animal manure (US EPA 2019a). Dairy manure is commonly managed via
flushwater systems and lagoons, and can be exposed to the environment and the public,
naturally via lagoon seepage and through mismanagement of wastewater that results in
runoff and improper application of lagoon effluent (Brown, Vence and Associates 2003).
With the rise in more densely populated dairy farms and more stringent water quality
standards, improved management practices and supplemental dairy wastewater treatment
technologies are needed to manage the nutrient concentrated wastewaters (Spierling et al.
2009). Dairy industry technologies that use minimal land space and have low costs are in
demand, as dairies compete with urban sprawl and struggle to maintain profits while
maintaining compliance with regulations (Outlaw et al. 1995).
Two types of treatment technologies were studied to target total ammonia nitrogen
removal of dairy lagoon effluent: algae raceway ponds and aerated biofilm reactors. The
algae raceway pond is a low-energy technology that was initially designed as an
alternative to facultative ponds and provides opportunity for biofuel and animal feed
production from microalgae growth during the treatment of wastewater (Oswald 2003).
Three hydraulic residence times were investigated (7-, 10- and 14-day) and compared
between summer and winter periods. Additionally, organic compounds and nitrogen
constituents were analyzed to better characterize the wastewater quality in the ponds.
The productivity and total ammonia nitrogen removal rate constants (k) were correlated
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with temperature, insolation, and biomass concentration to determine whether treatment
was related to the aforementioned independent variables. Aerated biofilm reactors
expand on existing research that used supplemental aeration (Rumburg 2004) and
attached media to treat dairy wastewater (Ripple 2002, Craggs 2000, Maguluri 2007).
For this study, first-order total ammonia nitrogen removal rate constants were compared
to evaluate differences between the thermally bonded nonwoven geotextile and needlepunched nonwoven geotextile. Biomass on the attached media and biomass suspended in
the tank were compared to determine the effectiveness of the attached media. Finally,
observations of the accumulation of sludge in the tanks provided an estimate of the
operation and maintenance needs of the aerated biofilm reactors. Both treatment units
were juxtaposed to determine which units were better at treatment by comparing removal
rates during continuous operation.
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2. BACKGROUND
Since 1993, California has been the nation’s leading dairy state after surpassing
Wisconsin in milk production (CDFA 2012). The California dairy industry is not only
the largest producer of dairy products in the nation, but also one of the top contributors to
the state’s total agricultural revenue. In 2018, the state’s total milk production amounted
to 40.4 billion pounds while its revenue amounted to nearly $6.4 billion (Matthews &
Sumner 2019). While California’s share of the nation’s milk production has declined
recently due to a rapid growth of dairies in Wisconsin, Idaho and Texas, the state
continues to lead the nation in milk production by producing 19% of the nation’s milk
(Matthews & Sumner 2019).
Within the state, dairy farms are primarily based in the San Joaquin Valley in Tulare,
Merced, and Kings counties (CDFA 2019). California dairy farms are distinct for their
large herd sizes. In 2017, average herd size was 1,263 milk cows, which was five times
larger than the national average (Matthews & Sumner 2019). Across the nation, smaller
dairies have been closing and large dairies are expanding their herds (CDFA 2019).
Between 2012 and 2017, the proportion of milk cows on smaller dairy operations
declined from 51 to 45 percent, while that on larger dairy operations (greater than 2,500
cows) increased from 29 to 35 percent (National Agricultural Statistics Service 2017).
While a major factor behind the consolidation of dairy farms has to do with the higher
productivity of larger farms, another factor behind this phenomenon is the economic
impacts of regulations (Shields 2010). In a study analyzing dairy markets and policy,
Outlaw et al. (1995) showed that animal waste containment facilities incurred capital
costs of $7,000 for a 200-cow, Texas dairy and $600,000 for a 1500-cow, Florida dairy.
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Annual maintenance costs for the facilities amounted to $5,000 and $25,000 for the
Texas and Florida dairies. Such costs are appreciable given the variability of profit
margins in the dairy farming industry to add pressure to dairy owners to consider whether
their operations are profitable in the long term to remain in the business (Outlaw et al.
1995).
Dairy farms are one of the primary sources of nutrient pollution due to the high nitrogen
content of animal excrements. In animal manure, nitrogen is primarily in the form of
ammonium (NH4) from urea and organic nitrogen from feces. High concentrations of
nutrients, including nitrogen, can cause eutrophication in water ecosystems, where excess
nutrients stimulate dense growth of autotrophs (i.e. algae blooms) that disrupts wildlife
and creates harmful toxins for humans. Eutrophication can also lead to hypoxic dead
zones in the water from the excess oxygen consumption from decaying animal and plant
matter (US EPA 2019a, Rumburg 2006).
For dairy farms, nitrogen from dairy manure are commonly exposed to the environment
through seepage, runoff and application of lagoon effluent. A 2017 Central Valley Dairy
Representative Monitoring Program study showed that seepage rates from lagoons were
exceedingly small, ranging from 0 to 2.2 mm per day amongst the 17 lagoons studied in
California. While seepage is prevented by the clay or synthetic liners, as well as the
accumulation of solids in the lagoon, seepage is not eliminated and still expected to occur
(Brown, Vence and Associates 2003). Runoff can occur when excess lagoon effluent is
applied to land and reaches bodies of water. Application of lagoon effluent, when done
in excess, will also not be absorbed by plants and be able to percolate to the groundwater
table.
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Once exposed to the environment, ammonia can be oxidized into other forms of nitrogen,
such as nitrate, that can pose public health risks. For instance, infants are highly
susceptible to methemoglobinemia, commonly known as blue baby syndrome, a disease
where the human blood cells deliver nitrate instead of oxygen for the body, due to high
concentrations of nitrate in drinking water (Knobeloch et al. 2000). Furthermore, nitrite
can combine with organic compounds to form nitrosamines, which are carcinogenic (US
EPA 1978). In the San Joaquin Valley, rural communities face public health risks from
high concentrations of nitrate in groundwater, stemming from decades of agricultural
land application of inorganic nitrogen fertilizers and dairy manure (Hanak et al. 2019).
To protect public health and comply with environmental regulations, dairy industries
require wastewater treatment technologies that can remove ammonia. The following
sections further discuss the regulations governing agricultural waste and lagoons, existing
dairy wastewater management systems that help industries remain compliant, the
processes behind nitrogen removal and recent treatment technologies that are researched
for dairy wastewater lagoons. The section concludes with a background on the Cal Poly
Dairy unit that was used for this thesis.
2.1 Water Quality Regulations, Specific to Dairy Industry
Regulations on agricultural waste began under a 1987 amendment to the Environmental
Protection Agency (EPA)’s Clean Water Act. The 1987 amendment is primarily known
for including a national policy controlling nonpoint sources of pollution, which generally
describes protocol for agricultural waste. The amendment notably designates confined
animal feeding operations (CAFOs) as point sources of pollution and requires CAFOs to
obtain a National Pollution Discharge Elimination System (NPDES) permit. CAFOs,
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which are operations with more than 1,000 animal units (equivalent to 700 dairy cows),
apply to dairy farms. CAFOs are considered point sources of pollution due to the nonvegetative surfaces used for animal confinement and the sheer volume of solid and liquid
waste that can be collected and disposed of on land. Although some farms may have
fewer than 700 cows, it is common practice to apply for a permit to be protected from
potential incompliant discharges (Outlaw 1995).
Within the state, the Regional Water Quality Control Board (RWQCB) enforces the two
major environmental regulations relevant to waste management. Statewide water quality
standards are defined under Title 27 of the California Code of Regulations (CVRWQCB
2019, Spierling et al. 2009). For dairies, water quality standards are specific to the subbasin that the dairy is located on and surrounding groundwater wells are monitored for
specific constituents of concern to indirectly monitor the groundwater impacts of the
lagoon. For Cal Poly, groundwater wells should have concentrations below the median
objectives for total dissolved solids, sodium, chloride and total nitrogen and nitrate
concentrations downgradient of the lagoon must not significantly increase or exceed 10
mg nitrate as N/L (Cal Poly 2018).
Title 27 also includes the minimum design criteria for CAFO waste management
facilities. Regarding lagoons, new discharge ponds are required to have a double
synthetic liner with leachate collection systems (Spierling et al. 2009). Existing ponds
were mandated to have a liner with soil of at least 10% clay and less than 10% gravel to
prevent percolation (Brown, Vence and Associates 2003). Statewide waste discharge
requirements are defined under the RWQCB’s Order #R5-2007-0035 and are more
stringent than federal requirements. Examples include requiring a nutrient management
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plan that specifies how facilities produce and use manure and other organic by-products
(Spierling et al. 2009).
2.2 Existing Dairy Wastewater Management Systems
For dairies, manure management practices can be divided into dry and wet waste
systems. Dry waste systems use tractor scrapers to collect manure, bedding and spilled
feed from the barns (Brown, Vence and Associates 2003). Wet waste systems use water
to flush through barns and collect the manure and flush water in retention ponds, or
storage lagoons, that are lined with clay or synthetic liners to control seepage (Brown,
Vence and Associates 2003). Prior to storage in the lagoons, the flush water is pretreated
to remove solids. Pretreatment consists of either a small sand trap with screening or a
large sedimentation basin. Lagoon water can be applied to forage crops or be recycled as
flush water (Brown, Vence and Associates 2003, Spierling et al. 2009).
In the lagoon, the wastewater undergoes some treatment in the form of solids
sedimentation, aerobic and anaerobic waste breakdown, and ammonia volatilization,
which will be elaborated in the following sections. However, lagoon treatment
mechanisms lead to odor emissions and are only partially effective due to the typical
overloading of nutrients. In recent years, supplemental treatment methods have been
used in addition to the lagoon, including mechanical surface aeration (Spierling et al.
2009). Solids removed from the lagoons are used as animal bedding, soil amendments or
creation of compost (Spierling et al. 2009).
2.3 Dairy Farming Pollutants of Concern
Besides pathogens, the top pollutant of concern in dairy manure is nitrogen. Nitrogen
exists in two forms in manure: inorganic and organic nitrogen.
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Inorganic nitrogen in manure is in the form of ammonium (NH4) and is primarily from
liquid urea. Once exposed to the environment, ammonium is typically converted into
other inorganic, aqueous forms of nitrogen, including nitrate (NO3) and/or nitrite (NO2).
Inorganic nitrogen is not removed from the water unless volatilized into gaseous
ammonia (NH3) or denitrified into nitrogen gas. The mechanisms of nitrogen removal
will be elaborated in the next section.
Organic nitrogen is a combination of particulate, comprised of suspended and colloidal
organic matter, and soluble organically bound nitrogen. Soluble organic nitrogen is
comprised of dissolved organic matter such as humic substances that leach from hay and
biologically produced substances from organism decay and cell secretion (US EPA
1978). In dairies, organic nitrogen is predominantly in the form of feces and urine and
are either stored in lagoons or applied to land as fertilizer. Consequently, solids collected
in the lagoon that are applied to land are also concentrated with organic nitrogen. The
excess of organic nitrogen in leaking tanks or exposed fertilizer can be transmitted to
water sources through the soil or volatilize into gaseous forms (Jarvis 1996). Once in the
water and soil, organic nitrogen bound to dead organisms and feces can be biologically
broken down into inorganic forms via ammonification.
While inorganic nitrogen and its removal has been extensively studied due to its public
health risks it poses upon exposure, the occurrence and removal of organic nitrogen is
relatively not understood in depth (US EPA 1978). According to a US EPA report, in
wastewater treatment, particulate constituents are removable via filtration and
sedimentation, while soluble constituents via chemical coagulation, ion exchange and
activated-carbon adsorption (1978). In untreated municipal wastewaters, soluble organic
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nitrogen is highly degradable due to the presence of readily degradable substances, while
in treated wastewaters, they are refractory to biodegradation and have low decay rates,
primarily due to the low concentrations of a wide variety of individual soluble organic
nitrogen compounds (US EPA 1978). Additionally, while soluble organic nitrogen can
be chemically oxidized, it requires the presence of strong oxidizing agents and acidic
conditions (Sawyer et al. 2003).
2.4 Nitrogen Removal Processes
In the context of wastewater treatment, nitrogen removal technologies primarily target
inorganic nitrogen, as inorganic nitrogen garnered attention from environmental agencies
for polluting water sources and posing public health risks. Although this thesis analyzes
the presence of organic nitrogen, the objectives of this thesis are primarily related to
inorganic nitrogen removal and its relevant mechanisms. Inorganic nitrogen primarily
exists in wastewater as nitrate (NO3-), nitrite (NO2-) and total ammonia nitrogen (TAN),
the sum of ammonium ion (NH4+) and ammonia (NH3). The inorganic nitrogen removal
mechanisms within the scope of this thesis are ammonia volatilization (pH), ammonia
assimilation and biological nitrification/denitrification (Pano & Middlebrooks 1982).
2.4.1 Ammonia Volatilization
Ammonia volatilization occurs due to the equilibrium relationship between the gaseous
ammonia (NH3) and aqueous ammonium (NH4+) ion (Figure 2.1). At a pH of 9.26, an
equilibrium exists between the two compounds. When pH is lower than 9.26, greater
ammonium ion concentrations are present and remain in aqueous form. At pH levels
greater than 9.26, greater ammonia concentrations are present and will volatilize from the
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water in gas form, which can be indicated with a distinct odor. Ammonia volatilization is
dependent on pH and temperature.

Figure 2.1 - Ammonia and ammonium equilibrium relationship (Richard 1996). The
equilibrium between the two forms shift at a pH of 9.26.
2.4.2 Assimilation
Assimilation occurs when inorganic forms of nitrogen, namely ammonium (NH4+), enters
bacterial and algal cells to be converted into organic forms of nitrogen. Organic nitrogen
serves critical cellular functions as structural material for new cells, enzymes, and genetic
material (Gerardi 2002). Conversely, ammonification is the process of organically bound
nitrogen being converted to ammonium ions after the death or decay of microorganisms.
2.4.3 Biological Nitrification/Denitrification
Biological nitrification is a two-step process where microbes oxidize ammonium (NH4+)
to nitrite (NO2-), then nitrite to nitrate (NO3-). Low concentrations of nitrates and nitrites
indicate that nitrification does not account for the ammonia removal (Pano &
Middlebrooks 1982). Nitrifying bacteria are relatively slow growing compared to
heterotrophic bacteria and require longer retention times for sufficient populations to
grow (CSU Sacramento 2009). In the first step of nitrification, Nitrosomonas bacteria
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oxidize ammonium to nitrite under aerobic conditions (Equation 2.1). The first step of
nitrification requires 3.43 g of oxygen per g of ammonium-N oxidized (Tchobanoglous
2003).
Equation 2.1 – Nitrification: ammonium oxidation process
2NH4+ + 3O2 → 2NO2 + 4H+ + 2H2O
In the second step, Nitrobacter bacteria oxidize nitrite to nitrate, also under aerobic
conditions (Equation 2.2). This step requires 1.14 g of oxygen per g of ammonium-N
oxidized (Tchobanoglous 2003).
Equation 2.2 – Nitrification: nitrite oxidation process
2NO2- + O2 → 2NO3Between the two-step process, generally ammonia oxidation is the rate limiting step.
Sufficient dissolved oxygen is required for both steps to be completed, or else incomplete
nitrification may occur and lead to a build of nitrite (Tchobanoglous 2003).
Combined, the nitrification process requires 4.57 g of oxygen per g of NH4-N oxidized
and 7.14 g of alkalinity per g of NH4-N oxidized. As nitrification requires alkalinity, the
nitrification process is expected to lower the wastewater pH if no alkalinity is added.
Optimal pH for nitrification is between 7.5 and 8, and optimal temperatures for
nitrification are between 15 to 20°C. Nitrosomonas and Nitrobacter bacteria have
relatively lower maximum specific growth rates than organics-consuming heterotrophs.
Consequently, nitrifiers requires longer hydraulic residence times to grow in the
wastewater system. At 10°C, required HRTs range between 10 to 20 days; at 20°C,
required HRTs range between 4 to 7 days. In conventional biological wastewater
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treatment systems, organics are removed prior to the nitrification step to help induce
nitrifier growth. Additionally, nitrifying bacteria are sensitive to toxic compounds. The
ammonia oxidation step and the nitrite oxidation step can be inhibited by ammonium
concentrations of 100 mg/L and 20 mg/L, respectively, at 20°C and a pH of 7
(Tchobanoglous 2003).
During biological denitrification, microbes respire using nitrate as an electron acceptor
and organics as electron donors to complete the respiratory electron transport chain.
Denitrification can happen simultaneously with nitrification and might not accumulate
intermediate compounds that suggest that nitrifiers are present. Denitrifiers can be both
heterotrophs and autotrophs. Heterotrophs are commonly facultative aerobes.
Denitrifiers produce 3.57 g of alkalinity per g of NO3- reduced: resulting in a net
consumption of alkalinity by the nitrification and denitrification process (Tchobanoglous
2003).
2.4.4 Anammox
Anammox stands for anaerobic ammonium oxidation. During the anammox process,
ammonium and nitrate are simultaneously oxidized into nitrogen gas, without producing
intermediate compounds. Unlike simultaneous nitrification and denitrification, anammox
requires strictly anoxic conditions, a pH between 6.7 and 8.3 and a temperature between
20 to 43°C (Waki 2006, Strous et al. 1999). The process is also inhibited by nitrite
concentrations greater than 100 mg-N/L and ammonium and nitrate concentrations
greater than 1000 mg-N/L. Free ammonia is also an inhibitory factor for the reaction.
While the presence of organics was thought to be inhibitory, studies have observed
anammox reactions with its presence (Waki 2006).
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Microbes that perform anammox are autotrophic and have low maximum growth rates.
Thus, biomass retention is important as well as minimizing the competition with
heterotrophic denitrifiers (Ahn 2004). The anammox reaction can be identified by its
removed nitrite to removed ammonium ratio, which should be between 1.1 to 1.52 (Waki
2006). Anammox also causes an increase in pH (Ahn 2004).
2.5 Dairy Waste Treatment Technologies
Dairies need wastewater treatment technologies that are low-cost, low-maintenance and
requires minimal additional space. In the following sections, current dairy waste
treatment technologies that have been deployed within lagoons are elaborated, along with
algae raceway ponds that have been used for dairy wastewater treatment.
2.5.1 Aerators
Two types of aeration systems are used for wastewater treatment plants: diffusers and
mechanical aeration systems. Diffusers use compressed air pumps to pump air into the
wastewater as fine bubbles or coarse bubbles. Fine bubble diffusers have higher oxygen
transfer rates, but are more susceptible to fouling, while coarse bubble diffusers are better
mixers and are less susceptible for fouling. Mechanical aeration systems generally
operate with propellers that mixes the wastewater, which increases the water’s exposure
and absorption of air. Mechanical aeration systems are modular systems that are
deployed on the surface of the water (Frankel 2019). When used with wastewater lagoon
systems, aerators of both types are generally high maintenance due to fouling and the
mechanical structure of the equipment, and are not reliable during winter months, when
colder temperatures have a greater effect on preventing nitrification (Triplepoint
Environmental LLC 2014).
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Research on using aerators with dairy lagoons are typically done with the use of biofilm
media as well, which is elaborated in the next section. Rumburg et al. (2004) found that
using solely mechanical aerators in lagoons were not effective in providing enough
oxygen for nitrification. Rumburg used two mechanical, vertical shaft aerators at a dairy
lagoon that was part of a flush water system (2004). The aerators were estimated to mix
approximately 18,900 m3 of wastewater up to the surface, which meant that the two
aerators combined to mix four times the lagoon’s volume. Throughout the month of the
experiment, DO was consistently below 0.5 mg/L and nitrite and nitrate were all below
1.5 mg/L. The aerators provided good mixing at the subsurface but became less effective
over time due to the solids build up, which was found to be enhanced by the aerators
themselves.
2.5.2 Attached Biofilm
Given the relatively slow growing nature of nitrifying bacteria, studies have moved
towards using fixed film media to enhance nitrification in lagoons. Fixed film media
provide a stationary attachment surface for nitrifying bacteria to colonize on. Gerardi &
Zimmerman noted that, in domestic wastewater treatment, nitrification is easier to
achieve in activated sludge processes or trickling filters compared to facultative lagoons
because the suspended sludge particles and filter media provide significantly more
surface area for nitrifiers to grow on compared to the edges and bottom of the lagoon
(2015).
In a pilot study in New Hampshire, Ripple (2002) found that fixed film helped enhance
nitrification in an aerated lagoon for domestic wastewater. The pilot study used a looped
cord media and an abrasive fabric media in modular storage tanks filled with lagoon
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effluent. The tanks were separated into five compartments, where the first four were
equipped with the media and a fine bubble diffuser to provide necessary aeration and
mixing; the last compartment was used as a settling zone. The tanks achieved complete
nitrification of the lagoon effluent in April at cold temperatures of 8°C, while the lagoon
itself achieved complete nitrification later in July. The tanks had an approximate volume
of 1872 gallons and had a hydraulic residence time of 2.6 days during the winter and 0.2
days in the summer. With an organic loading rate of 50 g COD m2-day, the pilot study
was able to achieve a maximum ammonia removal rate of 4.5 g N/m2-day. Ripple (2002)
also notes that having a continuous ammonia supply is desirable to sustain nitrifier
populations on the fixed film media. Thus, the study had higher ammonia loadings in the
summer to sustain the larger population. Additionally, while the study observed large
amounts of filamentous algae growth attached to the fixed film, it was not known if they
interfered with the nitrifier population.
Maguluri (2007) used strips of polyethylene media in a modified aerated lagoon for
domestic wastewater treatment and found it cost effective in increasing ammonia
removal. The lagoon, located in Missouri, was partially mixed with a mechanical aerator,
and had a retention time of 60 days. With the addition of the fixed film media, the lagoon
achieved average annual ammonia removal of 87%, and a maximum of 98% in the
summer and a minimum of 41% in the winter.
Several studies show that adding a media can enhance nitrification in domestic
wastewater lagoons. The phenomenon was also observed in dairy lagoons and was
attributed to increased surface areas that help promote nitrifier growth (Craggs 2000,
Sukias 2003).
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Craggs (2000) found that a biofilm is necessary to maintain a nitrifier population and that
aeration helps increase nitrification potential for a lagoon system with biofilm attachment
surfaces. The study used strips of HDPE sheets and polypropylene mesh sheets arranged
at three depths (0.1 m, 0.2 m and 0.6 m) in the lagoon, and found that the surface
characteristics of the media was not as significant as the amount of surface area that it
provided. Craggs (2000) also observed different aeration regimes (no aeration, nightonly aeration, and continuous aeration), using a mechanical surface aerator. The study
noted that nitrification potentials were largely controlled by oxygen availability and
consistency of supply. Nitrification potential was greatest where oxygen was most
available, such as close to the water surface. Continuous aeration provided higher and
more consistent nitrification potentials than night-only aeration. A stable population is
important for nitrifiers, as unstable DO conditions create a lag period prior to starting
nitrification. By using a bioassay, the study found that the nitrification potential was
between 0.3 to 2.2 g N/m2-day.
In a follow up study to Craggs (2000), Sukias (2003) also supported that biofilm media
helps prevent wash out and enhances nitrification for dairy lagoons. The study observed
different aeration regimes (continuous aeration, nighttime aeration, and nighttime
aeration with biofilm media). The study found that continuous aeration can provide more
complete nitrification, but less algae biomass/photosynthesis occurs. While nighttime
aeration have less costs and achieved similar BOD removal as that of continuous
aeration, not enough oxygen was present for nitrification, meaning that day time
photosynthesis was not enough to provide oxygen for nitrification, despite an increase in
suspended solids and algae biomass. However, with night-time aeration and biofilm
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media, TAN and BOD removal rates were close to those with continuous aeration and no
biofilm media.
2.5.2.1 Rotating Biological Contactors
Rotating biological contactors (RBC) are fixed film systems that rotate around a shaft
held in place in a tank. They provide an alternative to submerged attached media, as
elaborated in previous section, and potential for extra aeration for the biofilm media.
RBCs have been researched for domestic wastewater treatment for their lower energy
costs compared to activated sludge systems for organic removal (Surampalli & Baumann
1992). Additionally, multiple studies reported that RBCs have fast resiliency to hydraulic
and organic shock loads, which typically cause washouts in activated sludge systems
(Wilson et al. 1980, Kiruthika et al. 2017). RBC units require careful mechanical design
considerations, as common operational problems include structural problems relating to
the shaft, deteriorating process efficiencies from heavy biomass growth and corrosion
(chemical and biological) (Surampalli & Baumann 1992, Kiruthika et al. 2017).
While RBCs have been used primarily for organic removal, they have been researched
for ammonia-N removal as well. Pano & Middlebrooks (1983) found that carbon and
ammonia removal “follow Monod’s growth kinetics and are strongly influenced by
temperature and organic loading rate.” The study also found that inhibition of ammonia
removal in the first out of four stages of their RBC system was proportional to the
organic loading rate. The study involved experimental RBC units treating domestic
wastewater at different temperatures and loading rates. At 20°C, with an organic loading
rate between 7 and 14 g COD/m2-day and an ammonia-N loading rate between 0.4 and
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0.8 g N/m2-day, the system achieved at least 90% removal efficiencies. At higher
temperatures and lower loading rates, greater removal efficiencies were achieved.
Research using RBC for dairy wastewater has been done for both organic and ammonia
removal. Surampalli et al. (1992, 1997) studied RBC carbon removal kinetics in
treatment of a mixture of domestic and industrial dairy wastewater with and without
supplemental aeration. Studies showed that the organic loading removal relationship for
RBC systems was statistically significant, with a correlation coefficient of 0.99
(Surampalli et al. 1992, 1997, Pano & Middlebrooks 1983). The organic loading removal
relationship is one method used to design RBC systems and predict their performance
(Surampalli et al. 1997). In the 1992 study, at high loading rates between 55 to 75 kg
TAN/1000 m2-day, the study achieved a 70% removal rate with supplemental air and a
25.6% ammonia-N removal rate without supplemental air, and also concluded that
observed nitrogen removal without supplemental aeration was due to assimilation. In a
follow up study, Surampalli demonstrated that supplemental aeration can treat and adapt
to significantly higher loading rates, and result in higher sCOD and ammonia removal
rates. In the 1997 study, at high organic loading rates of 47.5 kg sCOD/1000m2-day, the
study achieved a removal rate of 30 kg sCOD/1000 m2-day with supplemental aeration
and 14 kg sCOD/1000 m2-day without aeration (Surampalli et al 1997). Ultimately,
studies demonstrated that supplemental aeration enhances existing fixed film systems can
achieve higher ammonia removal rates.
A modification to the RBC is the floating rotating biological contactor (FRBC) that can
be deployed directly into the lagoon (Park 2007). Park used cages of spherical, hollow
plastic molds (643 m2 surface area per unit) for a partial mix three-cell aerated lagoon for
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domestic wastewater treatment. The flowrate was 110 m3-day, the organic load was 2.52
g BOD5/m2-day and the ammonia load was 3.31 g NH3-N/m2-day. The maximum
nitrification rate was 2.47 g/m2-day at 11°C, or 4.54 g/m2-day at 20°C. The FRBC
increased dissolved oxygen levels by 20% on average.
2.5.3 Algae Raceway Ponds
Algae raceway ponds provide alternatives to wastewater treatment as well as land
application of manure fertilizer. Nutrients, including nitrogen, are removed from the
wastewater via assimilation by algae, and the algae can be harvested to be used as a slow
release fertilizer that would not result in the same ammonia volatilization as land-applied
manure. Additionally, algae ponds have less operational costs as aeration is not required,
due to the natural production of oxygen during photosynthesis. In one study, algae
biomass as fertilizer increased plant yield for cucumber and corn seedlings (Mulbry et al.
2005). Research on municipal wastewater treatment using algae have focused on using
suspended microalgae for tertiary treatment and using attached algae for easier harvesting
(Mulbry et al. 2005). Production of algal biomass from dairy manure treatment can be
estimated (Mulbry et al. 2005). At 300 g TN excreted/cow/day and manure loading rates
of 3 g TN/m2 of surface area-day, one hectare of algae treatment area would be required
per 100 animals.
A common issue with algae raceway ponds treating manure wastewater is the presence of
humic acids, derived from degraded plant pigments and enteric fermentation by-products
(Craggs 2000, NZMAF 1994). Humic compounds absorb light and restrict the amount of
light penetration that is required for algae photosynthesis. The restriction of light could
inhibit photosynthesis, which would result in less oxygen produced by algae and impact
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treatment. Craggs (2003) reported that algae photosynthesis was restricted to the
euphotic zone that is 0.1 to 0.15 m from the water surface in dairy facultative ponds.
2.5.3.1 Productivity
Algae ponds are researched for municipal wastewater treatment for their cost-effective
ways of achieving removal of organics and nutrients. Algae ponds use less energy as the
algae photosynthesizes to generate oxygen needed for bacterial processes and assimilates
nutrients from the wastewater. Additionally, the algae biomass produced in the ponds
can be harvested and converted into biofuel. A measure of potentially harvestable
biomass is productivity. One study using algal turf scrubbers treating dairy manure found
algal productivity values between 2.5 and 24 g dry weight/m2-day (Mulbry 2008).
2.6 Cal Poly Dairy Unit
The Cal Poly Dairy Unit was used as the subject of this research. The Dairy Unit was
modeled after conventional dairy unit practices. In December 2019, the dairy unit
reported housing a total of 253 adult cows (129 Holstein and 124 Jersey), 109 heifers and
168 calves. The cows were fed a total mixed ration, comprised of hay, grass, corn silage,
grains, and various minerals.
Facilities within the dairy unit include two freestall barns, a nursing barn, a milking
parlor and two lagoons (Figure 2.2). A flushwater system was used to direct wastewater
into a sedimentation pit for temporary collection, before undergoing preliminary
treatment and storage (Figure 2.3). The flushwater cleared urine, manure, and bedding,
which was comprised of composted organic matter, from the stalls.
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Figure 2.2 - Cal Poly Dairy unit map

Figure 2.3 - Flush system and pretreatment flow chart
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The two freestall barns were flushed three to four times a day with recycled lagoon
effluent to clean the stalls. According to dairy manager Craig Russell, the flush was done
on a need basis and the amount of water used per flush was not recorded. The nursing
barn and milking parlor were typically flushed twice a day specifically with freshwater to
comply with pathogen and food safety standards. Additionally, freshwater used to clean
equipment was also directed into the lagoon.
Prior to the lagoon, the water was collected in a sedimentation pit that is equipped with a
float valve. When the float valve was triggered, the wastewater undergoes preliminary
treatment. Wastewater was pumped into a sloped screen and effluent from the sloped
screen was routed to a sedimentation pit, where solids are further settled out. Solids were
removed with a front loader and sent to the Cal Poly compost, and the effluent was routed
into a weir box that discharged into the west lagoon.
The west lagoon had a surface area of 8100 m2 (0.62 hectare) and a depth of less than 2.3
m. A previous thesis found that the theoretical hydraulic residence time of the flushwater
in the lagoon was approximately 42 days when full (Adler, 2013). A 0.6 m (2 ft)
freeboard was maintained as a safety factor (Kevin Piper). The west lagoon had
primarily been used for storage since its last sludge removal process in 2016. The east
lagoon was used to store excess water from the west lagoon and was last de-sludged in
2017. Approximately 3-million and 1.5-million gallons of sludge were removed,
respectively, and represents 5 years’ worth of sludge. Depending on conditions of the
soil, the sludge was applied to spray fields on campus or the Chorro Creek Ranch. As the
waste discharge requirement specifies, sludge was applied to prevent runoff to surface
waters (Cal Poly 2018).
22

The lagoon effluent was used as recycled flushwater for the two freestall barns and as
irrigation water for select spray fields dedicated to forage crops for animal consumption.
Spray field irrigation was controlled to maintain the nutrient balance of the soil. Lagoon
effluent that rose above the 0.6 m freeboard was routed either to the spray field or into the
east lagoon. While the effluent quality was not directly regulated, nearby groundwater
wells were routinely monitored for nitrates and spray fields with shallow soil profiles
were chosen specifically to restrict off-site discharge and human contact with the lagoon
effluent, as specified in the waste discharge requirement (Cal Poly 2018).
According to Craig Russell, the dairy unit faced pressure to compete with other land uses
on campus. Thus, the thesis topic remains relevant as the land area used for restricted
spray fields for the application of lagoon effluent is insufficient and unsustainable as the
dairy unit continues to operate. Research around nitrogen removal technologies that can
treat the lagoon effluent without using additional land can help dairy industries achieve
less environmental and public health impacts while maintaining their business.
2.7 Research Objectives
The study had separate research questions for the raceway and aerated biofilm reactors.
Besides treating wastewater, algae raceways produce algal biomass, which can be
converted to biofuels. Biofuels feedstock production was the focus of a companion costshare project. For the algae raceway ponds, the research objectives were:
1. To what extent was biomass productivity correlated to water temperature,
insolation, or biomass concentration?
2. To what extent was total ammonia nitrogen removal rate constant correlated to
water temperature, insolation, or biomass concentration?
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During the analysis of the algae raceway ponds, additional questions regarding organic
matter were investigated to better characterize the treated wastewater, including:
•

What fraction of the total solids were soluble after pond treatment?

•

What fraction of the total solids were volatile after pond treatment?

•

What fraction of the soluble volatile solids were non-biodegradable?

To better understand the nitrogen constituents in the treated wastewater, an analysis of
the nitrogen constituents in the algae raceway ponds was conducted to answer the
following questions:
•

What was the organic nitrogen content of the biomass (VSS, VS)?

•

What was the soluble organic N concentration after treatment?

•

How did TN and TAN removal rate compare between the summer and winter
periods?

•

What nitrogen removal mechanisms are involved in treatment?

For the aerated biofilm reactors, the following questions were used as research objectives
for this thesis.
1. Were there differences in first-order ammonia removal rate constants between the
systems of different attached media?
2. How much of the biomass was attached versus suspended in the tanks?
3. What was the sludge mass accumulation rate on the floor of the tanks?
The following chapter reviews the methods that were used to answer the questions above
in the Results & Discussion chapter.
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3. METHODS AND MATERIALS
The research described in this thesis was conducted at the Animal Waste Management
Research (AWMR) Field Station and in the Vista Lab of the Engineering IV Building
during August 1, 2019 to March 5, 2020. This chapter reviews the pilot plant
configurations, water quality analytical methods, and data analyses that were performed.
Equipment details are provided in Appendix A.
3.1 Pilot Plant Configuration
The research for this thesis was conducted at the AWMR, located west of the lagoons at
the Cal Poly Dairy Unit. The dairy waste handling system was described in Chapter 2
(Figure 2.2). The pilot plant was comprised of an influent constant head tank, six algae
raceway ponds and two sets of aerated biofilm reactors (Figure 3.1).

Figure 3.1 - The Animal Waste Management Research (AWMR) Field Station located at
the Cal Poly Dairy unit (photographed on October 4, 2019).
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3.1.1 Pilot Plant Process Flow
Lagoon effluent was pumped from the lagoon with a Barnes Model #SP33A Sump Pump
(Crane Pumps, Piqua, OH). Initially, a previously used sump pump was placed inside a
pump basket that was made of a PVC pipe frame and mesh and floated on the surface of
the lagoon. The pump clogged frequently and required weekly maintenance. In
November 2019, a new sump pump was installed and suspended in the middle of the
basket to prevent uptake of solids from being closer to the sludge layer that filled the
bottom of the lagoon (Figure 3.2). Additionally, the pump basket was positioned further
away from the weir box that routed the flush water from the preliminary treatment
process into the lagoons. A timer was also installed to have the pump off during the
hours after consecutive hourly influent pulses to allow automatic backwashing of the
pump.

Figure 3.2 - The new sump pump was laid on its side and suspended in the middle of the
screen basket on Nov. 15, 2019.
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The lagoon effluent (i.e., the pilot plant influent) was routed from the lagoon into a
constant head tank. When the sump pump in the lagoon was on, the flow in the head tank
fills up to a standpipe where effluent is discharged back into the lagoon. The head tank
was a 200-liter drum tank placed approximately one meter above the ground to allow
influent to gravity flow into the experimental systems (Figure 3.3). The influent pulses
into the systems were regulated with an actuated valve (Hayward Flow Control,
Clemmons, NC).

Figure 3.3 - Pilot plant flow configuration. Red arrows represent flow of lagoon effluent.
Blue arrows represent flow of experiment system effluent.

From the head tank, the influent flows into the first tank in series of the aerated biofilm
reactors and into each of the six algae raceway ponds. Influent pulses were adjusted to
achieve a specific hydraulic residence time (HRT). Throughout the study period, the
actual HRT was verified to be within 10% of the intended HRT (Appendix B).
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3.1.2 Apparatus
Two distinct treatment technologies were used for this study: algae raceway ponds and
aerated biofilm reactor tanks.
3.1.2.1 Algae Raceway Ponds
Six algae race way ponds (Model RW3.4, donated by MicroBio Engineering Inc., San
Luis Obispo, CA) were assembled in two sets of three, with each pond operating in
parallel. Each pond had a center baffle and a paddlewheel to direct the water flow
clockwise. The pond wall exteriors were also covered with black tape to allow sunlight
exposure from above only. The ponds were approximately 3.9 m in length and 0.9 m in
width and 0.3 m in depth (Figure 3.4). The liquid volume of the pond is approximately
945 liters, and the water surface area was ~3.5 m2. At the end of the pond where the
paddlewheels were located, a standpipe directed overflowing effluent out of the pond.

Figure 3.4 - Conceptual diagram of algae raceway ponds (image by MicroBio
Engineering Inc).
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Each pond was equipped with a dissolved oxygen (DO), pH, and temperature probes that
would collect hourly data while hanging over the center baffle, upstream of the effluent
standpipe. The probes were calibrated and monitored through the Neptune Apex system
(Neptune Systems, Morgan Hill, CA). They were cleaned on a weekly basis with manual
measurements with a handheld DO/temperature probe and a pH probe. pH probes were
calibrated with a tolerance of 0.1; DO probes were calibrated with a tolerance of 0.2
mg/L; temperature probes were calibrated with a tolerance of 0.2oC.
For data analysis, Neptune data were used to analyze water temperature and handheld
measurements were used to analyze DO in the ponds. Data collected from Pond 2 and
Pond 5 were used to represent all ponds. Pond 2 data were used to represent temperature
between September 18 to November 30, 2019 and Pond 5 data were used for December
1, 2019 to March 2, 2020.
3.1.2.2 Aerated Biofilm Reactors
Each of the aerated biofilm reactor systems was comprised of two 1250-liter tote tanks
(SCHUTZ Ltd., Townamore, Ireland) that were used during a previous experiment in
2013 (Fooks 2013). Two tanks were used for one system to minimize the effects of flow
short circuiting on treatment. The dimensions of each tote tank were 1.17 m (length) x
0.94 m (width) and 1.14 m (depth) (37 in x 46 in x 45 in) (Fooks 2013). The recorded
water level was approximately 1.04 m (41 in), which results in a liquid volume of 1140
liters per tank. The land surface area covered by the tanks was approximately 1 m2. The
two tanks were linked in series, with the tank inlets located 0.25 m (10 in.) from the
bottom and the tank outlets located 1.0 m (40 in.) from the bottom (Figure 3.5). A
sampling valve was attached to the pipe connecting the two tanks to allow for influent
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pulse measurements and at the effluent pipe out of the second tank. The sampling valve
was used to measure influent pulses into the tank.

Figure 3.5 - Conceptual diagram of aerated biofilm reactor system, not to scale. “A”
represents aeration soaker hoses. On Dec. 6, 2020, the second aerator hose was installed
on the side closest to influent connection.
Two tank systems were tested for this thesis. Each system used a different geotextile:
one system – consisting of Tank 1 and Tank 2 – used a “smooth” thermally bonded,
nonwoven, polyethylene textile (Easy Gardener Products, Waco, TX) and the second
system – consisting of Tank 3 and Tank 4 – used a “fuzzy” nonwoven, needle-punched
(or non-bonded) polypropylene textile (Hanes Geo Components, Winston Salem, NC)
(Table 3.1). Geotextiles were used for treatment due to their low capital costs and twodimensional structure. Thermally bonded geotextiles are mats of entangled fibers that
were heated through a roller to bond the fibers together, whereas needle-punched
geotextiles are mats of fibers that were punched multiple times by barbed needles
mounted on a board to entangle the fibers (New Cloth Market n.d., Wilson 2011,
INDANonwovens1 2016). Thermally bonded nonwoven textiles are also known as felt
fabrics and can tear easily when punctured or stretched compared to non-bonded textiles
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(Wilson 2011). Due to their dense consolidated structure and manufacturing process,
thermally bonded geotextiles are also thinner and have lower porosities than non-bonded
textiles (Naue 2010).
Table 3.1 - Summary of geotextile information
Landmaster Polyspun 300*

TerraTex SD**

Installation

Tank 1, 2

Tank 3, 4

Typical Application

Landscape weed control, soil
stabilizer under pavements†

Extra-strength fabric, soil
drainage, construction

Water & Air Permeability

n/a

High

Basic Weight

3 oz. / sq. yard†

4 oz. / sq. yard

Grab Tensile

79/74 lbs.†

100 lbs.

Trapezoidal Tear Strength

35.5/39 lbs.†

50 lbs.

Permittivity

n/a

2 sec-1

Thickness

21 mils †

n/a

*

Easy Gardener Products. (26 April 2005). Polyspun 350 [Material Safety Data Sheet]. Retrieved from
https://jobescompany.com/product/landmaster-polyspun-300/.
**
Hanes Geo Components. (27 November 2018). TerraTex SD [Material Safety Data Sheet]. Retrieved
from https://hanesgeo.com/document/load/terratex-sd-spec-sheet-1016.pdf.
†
Landmaster 302330A PolySpun 300 Premium Grade Landscape Fabric. (n.d.) Amazon. Retrieved from
https://www.amazon.com/Landmaster-302330A-PolySpun-PremiumLandscape/dp/B01MQU4UHG?th=1.

Each tank had ten layers of geotextiles held in place by steel rebars that pulled the textile
taut at the top and bottom edges. The steel rebars were tied to PVC pipes that were
arranged into a cube cartridge (Figure 3.6). Each geotextile sheet had a width of 0.69 m
(27 in) and a height of 1.07 m (42 in), with a total surface area of 1.46 m2 (2268 in2) per
sheet. Combined with the sides of the tank and excluding the bottom of the tank, the total
surface area where biomass could grow is 19 m2.
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Figure 3.6 - Geotextile cartridge for Tank 1 and Tank 2 (left), for Tank 3 and Tank 4
(right), prior to installment in tanks.
Each tank was equipped with one aerator since the start of its operation on September 10,
2019. An Air Force Pro 40 pump (Sunlight Supply, Inc., Vancouver, WA) was used to
pump air through an irrigation soaker hose for each individual tank. The soaker hose was
attached to a PVC pipe with steel rebars to have it laying parallel to the tank side with the
outlet, so that the air can cause thorough mixing in the tank. The extent of mixing was
determined with a tracer study, using influent turbidity, where the tank was filled with tap
water and the valve was open to let influent in and samples were taken from the sampling
valve every 30 seconds (Appendix C).
A second aerator was installed in the first tank in series for both systems on December 6,
2020. An Eco Air Commercial Air Pump (Sunlight Supply, Inc., Vancouver, WA) was
used to pump air into the tanks through a soaker hose that was attached to a PVC pipe
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filled with sand (Figure 3.7). The second aerator was installed parallel to the side of the
inlet in the tanks.

Figure 3.7 - Second aerator for Tank 3, after 47 days of deployment. A soaker hose is
attached to a PVC pipe filled with sand via zip ties.
The tanks were each equipped with a HOBO dissolved oxygen probe (Onset Computer
Corporation, Bourne, MA) that would collect hourly DO and temperature while
suspended in the middle of the tank. Once the probes were deployed, three months were
used as an experimental period where methods to retrieve and calibrate the data from the
probe were standardized. During the experimental period, the measured DO was used
and compared with handheld measurements to determine whether the probe was
measuring accurately. For analysis, the measured DO data were used during the
experimental period between October and end of December. After the experimental
period, starting in January 2020, the data were manually adjusted to account for drifting
due to soiling of the sensor cap. The manual adjustment was done by linearly
interpolating a week’s worth of data using manual measurements with a handheld DO
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and temperature probe (YSI Incorporated, Yellow Springs, OH). For analysis, the linear
interpolated data were used between January and early March. Manual measurements
were taken before and after the probe’s sensor cap was cleaned with a bamboo toothbrush
and DI water.
3.2 Field Operation Checks
Weekly maintenance checks were conducted to verify the influent volume and to
calibrate the probes deployed in the experimental systems. In the totes, the volume of a
single influent pulse was measured at the sampling valve between the first and second
tote in series. Prior to the influent pulse, the sampling valve would be opened to empty
any water that flowed above the outlet. Then the valve connecting the two totes was
closed to allow the influent to fill up over the first tank’s outlet. After the pulse finished,
the sampling valve is opened to collect the influent pulse in a 20-L bucket. For the ponds
flow check, the influent pipe was rotated to direct the influent into the bucket.
Probes were calibrated with handheld measurements. In the totes, the handheld
measurements were used to adjust the measured values with a manual linear
interpolation. In the ponds, handheld measurements were entered into the Neptune
software that performed automatic calibrations. Additionally, probe sensor caps were
cleaned with a bamboo toothbrush and DI water. When struvite was observed on the
probes, they were submersed in vinegar for 10 minutes and brushed with a bamboo
toothbrush and DI water.
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3.3 Pilot Plant Flow Schedule Biofilm Reactors and Ponds
The theoretical hydraulic residence times (HRTs) implemented during the period were
summarized in Table 3.2. Influent pulses were measured and verified on a weekly basis
(Appendix B).
Table 3.2 - Flow schedule in ponds and tanks. Dates are presented in month/day/year.
Ponds
June 1, 2019
July 8, 2019
Aug. 19, 2019

Aug. 29, 2019

All ponds were started with 0.1 m (4 in.) of lagoon
effluent and 0.25 m (10 in.) of tap water
All ponds set to 7-day HRT
Influent pulsed hourly, from 9 am to 5 pm
Ponds 1-3 set to 7-day HRT
Ponds 4-6 set to 10-day HRT
Influent pulsed hourly, from 9 am to 4 pm
Summer Period begins for ponds data analysis

Sept. 20, 2019 Influent pulsed hourly, from 6 am to 2 pm
Oct. 31, 2019

Ponds 1 and 6 changed to 14-day HRT

Nov. 14, 2019

Winter Period beings for ponds data analysis
Totes

Sept. 10, 2019 Tote systems set to a 16-hour HRT (combined)
Influent pulsed
Oct. 8 - 23
Tote systems set to batch mode
Oct. 23, 2019
Nov. 6, 2019
Jan. 24, 2020
Feb. 8, 2020
Feb. 10, 2020

Tote systems set to a 14-day HRT (combined)
Influent pulsed hourly, 9 am to 5 pm
Tote systems set to 10-day HRT (combined)
Influent pulsed hourly, 6 am to 2 pm
Tote tank 3 & 4 set to batch mode
Tote tank 1 & 2 maintains 10-day HRT
Influent pulsed every two hours, all day
Tote tank 3 & 4 end batch mode,
Set to 18-day HRT (combined)
Influent pulsed every two hours, all day

35

3.3.1 Operational Events
Events that impacted flows and operation of the experiment are noted in Table 3.3. Due
to the pilot nature of the research project, operational events were considered to
understand treatment performance.
Table 3.3 - Operational events. Dates are presented in month/day/year.
All Systems
Aug. 28, 2019
Sept. 30, 2019
Oct. 2, 2019

Pump was on for 2.5 to 5 minutes to make up for no
influent during operation and maintenance
No influent from lagoon for 24 hours (pump issues)

Nov. 25, 2019

Pump basket was repositioned in the lagoon to be
further away from flushwater weir box
Pump is now suspended in the middle of the basket,
lying on its side.
No influent from lagoon for 24 hours

Nov. 26, 2019

New pump installed in lagoon

Dec. 4, 2019

No influent from lagoon for 24 hours

Nov. 15, 2019

Ponds
Dec. 3, 2019

No influent for 24 hours

Jan. 3, 2020

Pond 4,5,6 paddlewheels stopped spinning for 24 hours

Jan. 21, 2020

Pond 4,5,6 paddlewheels stopped spinning for 20 hours

Feb. 29, 2020

Pond 1,2,3 paddlewheels stopped spinning
Totes

Dec. 1, 2019

Continuous influent pulse in Tank 3 & 4 for 24 hours

Dec. 3, 2019

No influent in Tank 3 & 4 for 24 hours

Dec. 6, 2019

Additional aerators were installed in Tank 1 & 3
Continuous influent pulse in Tank 1 & 2 for 3 hours

Dec. 9, 2019

Continuous influent pulse in Tank 1 & 2 for 36 hours

36

3.3.2 Batch Mode
A batch mode experiment was conducted in the aerated biofilm reactors between October
8 – 23, 2019 and January 24 to February 10, 2020. During this period, no flow entered
the system, with the objective of promoting nitrifying bacteria. Analysis was only
performed on the first batch mode experiment because of the limited availability of
passing data points in the second batch mode experiment.
3.4 Sampling Procedures
Samples were collected on twice a week until end of December; weekly basis until start
of March.
3.4.1 Grab Samples
Samples were collected in the morning from 8 to 9 a.m., on Tuesdays and Thursdays
from September 24 to December 19, 2019 and on Thursdays from January 2 to March 5,
2020. Samples were collected in 500-mL and 1-L bottles and stored in an insulated ice
box prior to being sent to the lab.
The influent sample was collected from the head tank using a 500-mL bottle attached to a
metal bar with the opening fixed up right. The bottom of the bottle was submersed to the
bottom surface of the head tank and used to fill the sample bottle.
In the tanks, prior to the first batch mode on October 6, 2019, samples were collected
from the sampling valve leaving the second tote in series. After batch mode ended on
October 23, 2019, effluent did not overflow out of the second tote in series during the
sampling period due to the shorter influent pulses. Thus, samples were collected from the
tote were grab samples from the middle of the tote between two geotextile sheets. The
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grab sample was collected by submersing the sample bottle so that its mouth was ~0.1 m
(4 in.) beneath the water surface.
In the ponds, grab samples were taken downstream from the effluent pipe, before the
water would flow through the paddlewheels. Samples were collected by inverting the
bottle to touch the bottom of the pond and lifting it up through the water column.
3.4.2 Effluent Pipe Samples for the Effluent Solids Experiment
In the ponds, from August 15 to December 12, 2019, samples collected from the ponds
and samples collected from the effluent pipe were compared. Effluent solids samples
were collected in 25-mL falcon tubes that were held to the inside edges of the effluent
standpipe to collect the overflow going into the standpipe. When effluent was not
pouring into the standpipe, the influent valve was manually opened for 10 to 15 seconds.
The samples were used to measure total solids on the same day.
3.4.3 Diel Study
A diel study was performed on the influent and the ponds on September 17-18, 2019,
with sampling at 4-hour intervals between 6 a.m. to 2 a.m. The samples were used to
measure alkalinity, chemical oxygen demand (COD), nitrate, nitrite, total ammonia
nitrogen (TAN) and total solids (TS).
3.4.4 Scrape Test
A scrape test was performed on December 19, 2019 on the biofilm reactors. The
geotextile cartridges were pulled out of the tanks, and the textiles were scraped with a
metal ruler into an aluminum tray for total solids analysis. Four to five samples were
collected from each tank, with samples scraped in areas ranging between 12.13 cm2 (1.88
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in2) and 64.52 cm2 (10 in2). The scraped areas were from bottom, middle or top areas of
the geotextiles located on the outer edge and in the middle of the cartridge.
3.5 Water Quality Analysis
The following water quality analytes were measured in the lab for this experiment (Table
3.4). Specific instruments used for water quality analysis are detailed in Appendix A.
Modifications to the standard methods are elaborated in the following sections.
Table 3.4 - Methods used for water quality analysis
Analyte

Method

pH & Alkalinity

APHA Standard Methods 1995, Sections 2320 A & B

Nitrate
Nitrite

APHA Standard Methods 1995 Sections 4500-NO3A&D
APHA Standard Methods 1995 Sections 4500-NO2 A
&B

Total Ammonia Nitrogen
(TAN)

LLC Method Ammonia-001*, Timberline Instruments

Total Nitrogen (TN)

APHA Standard Methods 1995 sections 4500 N-C

Soluble Nitrogen (SN)

ASTM D8083-16

Non Purgeable Organic
Carbon (NPOC)
Carbonaceous Biological
Oxygen Demand (cBOD5)
Chemical Oxygen Demand
(COD)

APHA Standard Methods, Section 5310D
APHA Standard Methods 1995, Sections 5210 A & B
APHA Standard Methods 1995, Sections 5220 A & D

Total Solids

APHA Standard Methods 1995, Sections 2540 B & E

Total Suspended Solids

APHA Standard Methods 1995, Sections 2540 B & D
&E

Settleable Solids

APHA Standard Methods 1995, Sections 2540 F

* “Determination of Inorganic Ammonia by Continuous Flow Gas Diffusion and Conductivity
Cell Analysis", US EPA approved as of September 27, 2017.
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3.5.1 Sample and Analytical Preparation
After samples were collected, they were stored in an insulated ice box and taken to the
Vista Lab (192-209) for analysis.
Once sample bottles arrived at the lab, they were shaken and poured into labelled falcon
tubes for centrifuging. Centrifuged samples were filtered for subsequent analysis for
nitrite, soluble cBOD5, and NPOC/SN tests. NPOC/SN test samples were acidified after
being filtered. Centrifuged samples for the TAN test were acidified before being filtered.
Samples were acidified with concentrated sulfuric acid for preservation.
The samples for the nitrite tests were filtered through a 0.45-µm pore size mixed
cellulose ester membrane filters (Model No. SA1J92H5, Fisher Scientific, Waltham, MA)
while the other tests were filtered through 1.2-µm pore size glass fiber filters (Catalog
No. 28333-139, VWR International, Radnor, PA). For NPOC, standard methods require
0.45-µm pore size filters, but 1.2-µm pore size filters were used due to costs. After being
filtered, tests were run on the same day, except for the TAN and NPOC test. The TAN
and NPOC samples were acidified for preservation and stored for a maximum of 28 days.
3.5.2 Quality Control
Quality control measures were performed for each test at the time they were conducted.
Measures used for this thesis include instrument and method blanks, splits (or duplicates),
spikes, and calibration verification standards (CVS). The combinations of measures were
specific to each test and differs from standard method requirements. The measures were
then reviewed for each data point to determine whether the point is valid or invalid. Data
points were considered invalid if they failed more than one of the quality control
measures, which are summarized in Table 3.5 for each test.
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Table 3.5 - Summary of quality control measures per water quality test
Water Quality Test

QAQC Measures (#)

Pass Criteria

pH & Alkalinity

Splits (2)

% Difference ≤ ±10%

Nitrate

Splits (2)

% Difference ≤ ±10%. If concentration of
split is less than 1.4 mg/L1, then automatic
pass.
75% ≤ % Recovery ≤ 125%

Spikes (2)

Spikes (2)

% Difference ≤ ±10%. If original and split
concentrations are less than 1 mg/L2, then
automatic pass.
75% ≤ % Recovery ≤ 125%

Splits (2)

% Difference ≤ ±15%

Spikes (2)

75% ≤ % Recovery ≤ 125%

Instrument Blanks

Not included in Pass/Fail Criteria

CVS (1)

% Difference ≤ ±15%

Splits (2)

% Difference ≤ ±15%

Spikes (2)

75% ≤ % Recovery ≤ 125%

Splits (2)

% Difference ≤ ±15%

Spikes (2)

75% ≤ % Recovery ≤ 125%

CVS

% Difference ≤ ±15%

SN

Splits (2)

% Difference ≤ ±15%

cBOD5/csBOD5

All Samples, including
Seeded Blanks3 (2)
Dilution Water Blanks (2)

Standard Solutions (3)

Residual DO ≥ 1 mg/L, DO depletion ≥ 2
mg/L
DO depletion ≤ 0.2 mg/L. Not included in
Pass/Fail Criteria. Expected to fail due to
technical issues with autoclave
167.5 ≤ cBOD5 ≤ 228.5 mg/L

Splits (2)

% Difference ≤ ±10%

Spikes (2)

85% ≤ % Recovery ≤ 115%

CVS (1)

% Difference ≤ 15%.

All Samples

Residue between 2.5 and 200 mg

Nitrite

Total Ammonia Nitrogen
(TAN)

Total Nitrogen (TN)

NPOC

COD

Total Solids, Total
Suspended Solids

Splits (2)

Triplicates

For total and volatile solids, relative standard
deviation should be between ±15%.
However, this criterion was ignored for this
study.
1
Method detection limit. 2Concentration of interest is greater than 1 mg/L. 3Standard Methods
recommends that seeded blanks should result in 0.6 to 1 mg/L DO depletion per mL of seed. However,
this criterion was not included in the pass criteria
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Criteria for blanks were different for each test as the blanks were used for different
purposes, such as checking for instrument drift.
3.5.3 pH & Alkalinity
pH is a measure of hydrogen ions in the sample. pH is an important indicator of living
conditions for microbes in the water. Samples were analyzed for pH and alkalinity
within 6 hours of sample collection, as noted in APHA Standard Methods. Prior to
measuring pH, the probe (Cole-Parmer, Vernon Hills, IL) was first immersed in pH 4, pH
7 and pH 10 solutions to calibrate the pH meter (Cole-Parmer, Vernon Hills, IL). Two
splits were performed for quality control measures.
Alkalinity is a measure of the pH buffering capacity of the water and is measured by
acidifying samples to a pH of 4.5, which indicates that all carbonate system ions were
converted to carbonic acid (H2CO3). Alkalinity exists due to the salts of weak acids and
strong bases in the water that buffers pH changes (APHA Standard Methods). In this
study, 0.200-N sulfuric acid (H2SO4) was used to acidify the dairy wastewater samples to
measure total alkalinity. Two splits were performed for quality control measures.
3.5.4 Nitrogen Analysis Procedure
Nitrogen constituents in the influent and treated wastewater were analyzed to better
understand mechanisms of total ammonia nitrogen removal in the ponds.
3.5.4.1 Nitrate
Nitrate (NO3- ) is a product of the nitrification process and was measured by selectively
measuring the electron potential of nitrate ions and suppressing the interference of other
ions present in the samples (APHA Standard Methods). Samples were analyzed on the
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same day as they were collected and measured using a nitrate ion selective electrode
(Fisher Scientific, Waltham, MA).
If the samples were refrigerated, the samples were brought to room temperature prior to
the start of the procedure. An interference suppressor solution (ISS) was created as
directed by Orion and is composed of a buffer solution, aluminum sulfate. The ISS
removes the interference of other ions present in the water sample. A calibration curve
ranging from 5 to 200 ppm-N was created to determine the concentration of nitrate as
nitrogen in the samples after measuring them with the electrode. Two splits and two
spikes were performed for quality control.
3.5.4.2 Nitrite
Nitrite (NO2-) is an intermediate compound of nitrification and denitrification and is
measured through a spectrophotometric analysis (APHA Standard Methods). Due to the
turbid nature of the dairy lagoon effluent that can interfere with the analysis, the samples
were filtered through a smaller pore size filter than the other tests and were also diluted at
a 1:200 ratio. A colorimetric reagent (Fisher Scientific, Waltham, MA) was added to the
samples and left for 10 minutes to allow for a pink color to appear in the samples,
indicating the presence of the nitrite ion. After the colorimetric reagent was added, the
samples were measured with a UV-Vis spectrophotometer (Shimadzu Corporation,
Kyoto, Japan) at 543 nm. To account for the low concentrations of nitrite present in the
samples, the calibration curve was prepared with concentrations between 0 to 0.1 ppm-N,
by diluting standard nitrite solutions (Fisher Scientific, Waltham, MA).
For quality control, instrument blanks, splits and spikes were performed, in addition to
instrument blanks performed every five samples and a duplicate calibration curve
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performed at the end of the test to account for instrument drift. However, the instrument
blanks and duplicate calibration curve was not included in the pass/fail criteria for data.
3.5.4.3 Total Ammonia Nitrogen
Total ammonia nitrogen (TAN) is a measure of the ammonia (NH3) and ammonium
(NH4+) in the sample (APHA Standard Methods). The Timberline TL-2800 ammonia
analyzer (Timberline Instruments, Boulder, CO) used in the analysis uses the LLC
Method Ammonia-001, “Determination of Inorganic Ammonia by Continuous Flow Gas
Diffusion and Conductivity Cell Analysis,” approved by the US EPA in 2017 (Clean
Water Act Methods Update Rule, 2017). The samples were acidified then filtered
through 1.2-µm pore size glass fiber filters (Catalog No. 28333-139, VWR International,
Radnor, PA). The filtrates were refrigerated for a maximum of 28 days but were
typically run on a weekly basis. The influent TAN concentrations were expected to be
greater than 200 mg/L, so they were diluted at a 1:2 ratio to fit on the calibration curve.
The calibration curve ranged from 0 to 200 mg/L TAN-N and were included in each
analytical batch.
The LLC method involves raising the sample to a pH >11 to convert all ammonium ions
into dissolved ammonia gas. The ammonia gas diffuses through a membrane wall and is
absorbed by a buffer solution. The change in electrical conductivity of the absorbed
solution was measured. The conductivity peak areas were converted to ammonia
concentrations using the calibration curve (Timberline Instruments 2017).
For quality control, two splits and two matrix spikes were used for each TAN batch. In
addition, instrument blanks were run every few samples and a calibration verification
standard (CVS) of 41 mg/L TAN-N were run every fifteenth sample. Instrument blanks
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were used for cleaning the instrument, so they were not evaluated for validating data
points.
3.5.4.4 Total Nitrogen
Total nitrogen consists primarily of inorganic (nitrate, nitrite, ammonia, and ammonium)
and organic forms that are both soluble and insoluble in the sample (APHA Standard
Methods). A total nitrogen test kit (Hach Company, Loveland, CO) that used the
persulfate digestion method was used for this analysis. The test kit converted all forms of
nitrogen to nitrate by using alkaline persulfate digestion and uses a chromotrophic acid
that interacts with the nitrate to develop a yellow color. A spectrophotometer (Hach
Company, Loveland, OH) was used at 410 nm to read the absorbance of the samples. As
the test kit was specified for TN concentrations between 2 to 150 mg/L, the samples were
diluted at a 1:3 dilution ratio. A calibration curve from 0 to 150 mg/L was used to
calculate the concentration of TN in the samples.
For quality control, two splits, two spikes and a calibration verification standard (CVS) of
100 mg/L were used. Additionally, a method blank was analyzed to determine whether
the test procedure added any forms of nitrogen that could impact the accuracy of the test.
If method blank concentrations were greater than 1 mg/L, or half the method detection
limit, it was subtracted from the sample concentrations.
3.5.4.5 NPOC and SN
Non-purgeable organic carbon (NPOC) is a measure of the dissolved (or soluble) organic
carbon in the sample. Soluble nitrogen (SN) is a measure of the soluble inorganic
(nitrate, nitrite, ammonia, and ammonium) and soluble organic forms of nitrogen in the
sample. NPOC and SN were measured simultaneously using a total organic carbon
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analyzer with an attached total nitrogen module (Shimadzu Corporation, Kyoto, Japan),
respectively. The samples analyzed were the filtrates from a 1.2-µm filter, instead of the
0.45-µm filter as specified in standard methods. With the high concentrations of NPOC
and SN known to be present in the water, the samples were diluted at a 1:2 ratio.
For NPOC analysis, the analyzer uses the wet oxidation method, where an acidified
sample is purged with carbon-free air or nitrogen and directed to a non-dispersive
infrared (NDIR) analyzer that measures electric signals corresponding to the NPOC
concentration (Shimadzu, 2018, APHA Standard Methods). A calibration curve using a
potassium hydrogen phthalate carbon standard solution ranging from 0 to 300 mg/L was
used to convert the electric signals to NPOC concentrations.
For the SN analysis, the total nitrogen module (TNM-1) was used in conjunction with the
TOC analyzer and used a chemiluminescence method to measure total nitrogen in
accordance with ASTM D8083-16 (Walker et al. 2015). In the TNM-1, the sample was
combusted into nitrogen monoxide and nitrogen dioxide and reacted with ozone to form
an excited state of nitrogen dioxide. The TNM-1 measured the light energy emitted when
the nitrogen dioxide returns to ground state. A separate calibration curve using sodium
nitrate nitrogen standard solution was generated, ranging from 0 to 150 mg/L, to
determine SN concentrations.
For each NPOC and SN test, quality control measures performed include two splits, one
spike and instrument blanks every nine samples. Instrument blanks were used for
maintenance of the instrument, so they were not used to validate the data. Calibration
verification standards were also performed at 75 mg/L and analyzed only for the NPOC
test.
46

3.5.5 Organics
The organic constituents of the water samples were determined using non-purgeable
organic carbon (NPOC), carbonaceous biological demand (cBOD5), chemical oxygen
demand (COD) and solids analysis. Volatile solids were used to quantify organic matter
in the wastewater.
3.5.5.1 cBOD5
The carbonaceous biological oxygen demand (cBOD5) is the oxygen consumed by
microorganisms oxidizing carbon organics in the water over a five-day period (APHA
Standard Methods). cBOD5 does not include the oxygen demand of oxidizing reduced
nitrogen compounds. cBOD5 was measured per Standard Methods for the measurement
of BOD5 with a nitrification inhibitor added during sample preparation. From August 29
to November 14, 2019, soluble cBOD5 was measured, which involves filtering the
sample through a 1.2-µm pore size glass fiber filters (VWR International, Radnor, PA)
and analyzing the filtrates.
For quality control, two dilution water blanks, two seeded blanks and three standards
were analyzed. For all BOD5 data collected, with the exception of the dilution water
blanks, the standard criteria for passing is a minimum residual DO should be 1 mg/L and
a minimum DO depletion should be 2 mg/L for the data point.
For dilution water blanks, DO depletion should be less than 0.2 mg/L. For this thesis,
data points with invalid blanks were included in the analysis because the invalid blanks
were consistent throughout the collected data and otherwise, no data would have been
available for analysis. For seeded blanks, the DO depletion per mL of seed was 0.9 to 3.2
mg/L DO per mL of seed throughout the collected data, which is outside the
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recommended range of 0.6 and 1 mg/L DO per mL of seed. Data points that were outside
of the range were flagged but included in the analysis if the seeded blank data passed the
standard criteria used for all BOD5 data. Additionally, the standards with expected
cBOD5 concentrations between 167.5 and 228.5 mg/L were included in the analysis.
3.5.5.2 COD
Chemical oxygen demand (COD) measures the oxygen required to oxidize the organic
compounds in a sample. COD does not include the oxygen demand for nitrification, as
the latter is a biological process. COD includes BOD, as well as biologically inert, or
non-biodegradable, organics.
For quality control, two splits, two spikes and a standard verification were performed.
3.5.5.3 Total Solids
Total solids is a measure of the residue material after a sample has been dried in an oven
(APHA Standard Methods). While total suspended solids determination is a more
common measure in wastewater analysis, they were not used for this study because the
high concentration of dissolved solids in the wastewater made it difficult to measure a
representative volume of suspended solids with precision.
Total solids are the weights of the residue after the samples were evaporated in the 105oC
oven. Non-volatile solids are the weights of the residue after the samples were
combusted in the 550oC. Volatile solids are the differences between the total and nonvolatile solids. For this thesis, volatile solids were used to represent the organics in the
sample, and non-volatile solids represent the inert inorganic particles in the sample.
Aluminum metal trays were used as weigh boats to hold the samples. To prepare the
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samples, they were poured into a beaker and blended with an electric kitchen hand
blender prior to pipetting 5 mL onto the weigh boat.
From Jan. 15 to Mar. 5, 2020, 3-hr and 24-hr solids were measured, where samples were
collected from the supernatant of Imhoff cones after 3 and 24 hours of settling,
respectively. Conventionally, 2-hr solids tests are performed, but to accommodate lab
scheduling, 3-hr solids tests were performed for this study.
For quality control, these analyses were performed in triplicates. Any triplicates with
negative weights were removed. While conventionally, triplicates that were outside of
10% of the standard deviation of the mean would be removed, they were all included for
this analysis due to the slightly clumpy nature of solids in the lagoon effluent.
3.5.5.4 Suspended Solids Analysis
Suspended solids are the portion of total solids that were retained on a 1.2-µm filter. An
analysis was performed once on Jan. 9, 2020. After 3-9 mL of the samples were filtered
through the filters, the filters were processed similarly to the total solids test to determine
volatile and non-volatile suspended solids. Like the total solid analysis, suspended solids
were performed in triplicates. Any triplicates with negative weights were removed.
3.5.6 Weather Data
Precipitation, temperature, and insolation data were obtained from the CIMIS station #52,
located on campus, approximately 1220 m (4000 ft) away from the Dairy Unit.
Precipitation data were used to account for dilution of the experiment systems, which
were open to the atmosphere. Temperature and insolation data were used to determine
whether correlations exist with the experiment systems’ performance.
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3.5.7 Data Analysis Methods and Statistics
The following section covers the equations used to analyze the data in the results section.
For data analysis, the summer period was defined as August 29 to October 31, 2019 and
the winter period as November 14, 2019 to March 5, 2020. The periods were defined
based on CIMIS air temperature data (Appendix F). The summer period had an average
air temperature of 18.3°C and was defined to include the last data point during the study
period where air temperature was greater than 25°C. The winter period covered the rest
of the study period and had an average air temperature of 12.5°C.
3.5.7.1 Organic Nitrogen Analysis
For this study, total nitrogen, soluble nitrogen, total ammonia nitrogen, nitrate and nitrite
are the nitrogen-based constituents that are measured in the samples. Using the measured
total nitrogen data and the measured inorganic nitrogen data (TAN, nitrate and nitrite),
the organic nitrogen can be estimated using Equation 3.1.
Equation 3.1 - Organic Nitrogen Concentration
𝑂𝑁 (𝑐𝑜𝑛𝑐) = 𝑇𝑁 (𝑐𝑜𝑛𝑐) − 𝑇𝐴𝑁 (𝑐𝑜𝑛𝑐) − 𝑁𝑂3 (𝑐𝑜𝑛𝑐) − 𝑁𝑂2 (𝑐𝑜𝑛𝑐)
Where:
ON (conc) = organic nitrogen concentration (mg as N/L)
TN (conc) = measured total nitrogen concentration (mg as N/L)
TAN (conc) = measured total ammonia nitrogen concentration (mg as N/L)
NO3 (conc), NO2 (conc) = measured nitrate, nitrite concentration (mg as N/L)

Using the measured soluble nitrogen data and the measured inorganic nitrogen data, the
soluble organic nitrogen (SON) can be calculated using Equation 3.2.
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Equation 3.2 - Soluble Organic Nitrogen Concentration
𝑆𝑂𝑁 (𝑐𝑜𝑛𝑐) = 𝑆𝑁 (𝑐𝑜𝑛𝑐) − 𝑇𝐴𝑁 (𝑐𝑜𝑛𝑐) − 𝑁𝑂3 (𝑐𝑜𝑛𝑐) − 𝑁𝑂2 (𝑐𝑜𝑛𝑐)
Where:
SON (conc) = soluble organic nitrogen concentration (mg as N/L)
SN (conc) = measured soluble nitrogen concentration (mg as N/L)
TAN (conc) = measured total ammonia nitrogen concentration (mg as N/L)
NO3 (conc), NO2 (conc) = measured nitrate, nitrite concentration (mg as N/L)

3.5.7.2 Loading, Removal, Removal Rate Analysis
For the ponds, both total nitrogen and total ammonia nitrogen concentrations were used
to measure treatment performance. For the aerated biofilm reactors, only the latter was
used. Treatment performance is evaluated with the context of the loading rate into the
system. The mass loading rate was determined using Equation 3.3. To determine the
volumetric or areal mass loading rate, the loading rate was divided by the volume or land
area of the treatment unit, respectively.
Equation 3.3 - Mass Loading Rate
𝑀𝑎𝑠𝑠 𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 = 𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 (𝑐𝑜𝑛𝑐) ∗ 𝐹𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∗

1𝑔
1000𝑚𝑔

Where:
Mass loading rate = mass of nitrogen flowing into system per day (g as N/day)
Influent (conc) = concentration of TAN or TN in the influent (mg as N/L)
Flowrate = flow into system per day (L/day)
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For this thesis, the theoretical flowrates were used in the analysis, as the actual flowrates
were verified to provide a hydraulic residence time (HRT) within 10% of the intended
HRT.
For both experimental systems, four metrics were used to evaluate treatment
performance: percent removal, first-order removal rate constant (1/day), volumetric
nitrogen removal rate (g-N/m3 of liquid volume in system/day), areal nitrogen removal
rate (g-N/m2 of system/day). Percent removal was calculated using Equation 3.4.
Equation 3.4 - Percent Removal
% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =

𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡(𝑐𝑜𝑛𝑐) − 𝐸𝑓𝑓𝑙𝑢𝑒𝑛𝑡(𝑐𝑜𝑛𝑐)
∗ 100%
𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡(𝑐𝑜𝑛𝑐)

Where:
Influent (conc) = concentration of TAN or TN in the influent (mg as N/L)
Effluent (conc) = concentration of TAN or TN in the effluent (mg as N/L)

The first-order removal rate constant was calculated based on whether the system was
operating as a continuous-flow complete-mix reactor or a batch reactor. Normally, with
influent dosed hourly, eight hours per day, both treatment technologies were nominally
operating as complete-mix reactors. The traditional complete-mix reactors would have
continuous inflow and outflow of wastewater. Equation 3.5 was used to calculate k, the
first-order removal rate of TN or TAN.
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Equation 3.5 – Continuous-flow, Complete-Mix Reactor with First-Order Reaction
𝐶=

𝐶0
[1 + 𝑘 ∗ 𝐻𝑅𝑇]

Where:
C = effluent concentration of TAN or TN (mg as N/L)
C0 = influent concentration of TAN or TN (mg as N/L)
k = first-order removal rate constant (1/day)
HRT = hydraulic residence time (days)

The aerated biofilm reactors also operated as a batch mode reactor during the study
period. During batch mode, the influent is shut off from the system so no flow is entering
or leaving the reactor (Tchobanoglous, 2003). The first-order removal rate constant of
TAN was calculated using Equation 3.6.
Equation 3.6 - Batch Reactor with First-Order Reaction
𝐶 = 𝐶0 𝑒 −𝑘(𝑡)
Where:
C = effluent concentration of TAN or TN (mg as N/L)
C0 = influent concentration of TAN or TN (mg as N/L)
k = first-order removal rate constant (1/day)
t = time (days)

The volumetric rate is conventionally used in the wastewater treatment field and accounts
for the volume of liquid that can be treated in the treatment unit. The areal rate is useful
for dairy farm owners who want high total nitrogen removal per square meter of
farmland. The two rates were found using Equation 3.7, Equation 3.8, respectively.
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Equation 3.7 - Volumetric Removal Rate
𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 =

(𝐶0 − 𝐶) ∗ 𝑄
1𝑔
𝑉 ∗ (1000𝑚𝑔)

Where:
Volumetric Removal Rate (g-N removed/m3/day)
C = effluent concentration of TAN or TN (mg as N/L)
C0 = influent concentration (mg as N/L)
Q = flowrate (L/day)
V = Liquid volume of system (m3)

Equation 3.8 - Areal Removal Rate
𝐴𝑟𝑒𝑎𝑙 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑅𝑎𝑡𝑒 =

(𝐶0 − 𝐶) ∗ 𝑄
1𝑔
𝐴 ∗(
)
1000 𝑚𝑔

Where:
Areal Removal Rate (g-N removed/m2-day)
C = effluent concentration of TAN or TN (mg as N/L)
C0 = influent concentration (mg as N/L)
Q = flowrate (L/day)
A = footprint area of system (m2)

3.5.7.3 Productivity Analysis
Assuming that volatile solids content represented potential organic matter that can be
converted into biofuel, productivity is a measure of how much potential biofuel was
produced by the algae raceway ponds and was used to evaluate performance. Gross
productivity accounted for the volatile solids present in the ponds, while net productivity
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accounts for the volatile solids that were generated in the ponds (Equation 3.9, Equation
3.10).
Equation 3.9 - Gross Productivity
𝐺𝑟𝑜𝑠𝑠 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑉𝑆 ∗ 𝑄
𝑔
𝐴 ∗ (1000 𝑚𝑔)

Where:
Gross Productivity (g/m2-day)
VS = volatile solids concentration in pond (mg/L)
Q = flowrate (L/day)
A = area (m2)

Equation 3.10 - Net Productivity
𝑁𝑒𝑡 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =

(𝑉𝑆𝑃𝑜𝑛𝑑 − 𝑉𝑆𝐼𝑛𝑓𝑙𝑢𝑒𝑛𝑡 ) ∗ 𝑄
𝑔
𝐴 ∗ (1000 𝑚𝑔)

Where:
Net Productivity (g/m2-day)
VS = volatile solids concentration (mg/L)
Q = flowrate (L/day)
A = area (m2)

With the methodology presented above, results were gathered and presented in the
following section.
3.5.8 Statistical Analysis
JMP Pro statistical software was used to perform one-way ANOVA tests for TN and
TAN removal, first-order removal rate constants and removal rates. The tests used an
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alpha value of 0.05 and generated f-ratios and p-values that were used to determine
whether differences among HRTs were statistically significant. P-values that were greater
than 0.05 were considered statistically insignificant.
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4. RESULTS & DISCUSSION
This chapter presents influent wastewater characteristics and treatment and biomass
productivity results for the algae ponds and aerobic biofilm reactors. For the algae ponds,
analyses of organic compounds and nitrogen constituents are presented to better
understand pond effluent characteristics prior to the correlation analysis. The correlation
analysis addressed the research objectives specific to the algae ponds, which were:
1. To what extent was biomass productivity correlated to water temperature,
insolation, or biomass concentration?
2. To what extent was total ammonia nitrogen removal rate constant correlated to
water temperature, insolation, or biomass concentration?
For the aerated biofilm reactors, first-order TAN removal rates during the batch
experiment demonstrated differences between the two attached media in the tanks. The
scrape test results and observations of sludge accumulation throughout the study period
were used to address the research objectives specific to the aerated biofilm reactors,
which were:
1. Were there differences in first-order ammonia removal rate constants between the
systems of different attached media?
2. How much of the biomass was attached versus suspended in the tanks?
3. What was the sludge mass accumulation rate on the floor of the tanks?
For this study, the summer period was defined as August 29 to October 31, 2019 and the
winter period as November 14, 2019 to March 5, 2020, as described in Section 3.5.7.
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4.1 Influent Wastewater Characteristics
For this study, influent was pumped from the dairy storage lagoon, where pre-treated
flush water was stored. Based on a previous thesis using the Cal Poly Dairy Unit, the
flush water had a theoretical maximum hydraulic residence time of 42 days when the
lagoon was full (Adler 2013). The influent water was analyzed for pH and total alkalinity
for monitoring water conditions for possible effects on bacterial activity; total ammonia
nitrogen (TAN), nitrate (NO3-), nitrite (NO2-) and total nitrogen (TN) for measuring
treatment performance; carbonaceous BOD5 (cBOD5) and non-purgeable organic carbon
(NPOC) for monitoring organic matter removal; and total solids and volatile solids for
monitoring wastewater and organic solids (Table 4.1).
Table 4.1 - Characteristics of experimental treatment systems influent (lagoon effluent)
between Aug. 29, 2019 and Mar. 5, 2020. Carbonaceous BOD5 includes both particulate
and soluble oxygen demand.
Constituent

Mean

SD

Min

Max

n

pH

7.9

0.2

7.5

8.2

28

Alkalinity (mg/L as CaCO3)

3510

248

2800

4000

26

Total Ammonia Nitrogen (TAN) (mg/L)

251

22

216

304

18

Nitrite-N (mg/L)

0.26

0.43

0.04

2.3

28

Nitrate-N (mg/L)

0.81

0.24

0.26

1.29

33

Total Nitrogen-N (mg/L)

442

37

371

555

23

Carbonaceous BOD5 (mg/L)

204

56

136

311

9

Total Solids (mg/L)

10100

1510

6730

12600

36

Volatile Solids (mg/L)

3580

423

2680

4680

36

Based on the pH of 7.9 ± 0.2 (mean ± SD), TAN was predominantly ammonium (NH4+)
rather than free ammonia (NH3). In the influent, TN was comprised of 46 ± 4% organic
nitrogen and 53 ± 4% TAN, with negligible amounts of nitrate and nitrite (Figure 4.1).
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Average nitrite and nitrate concentrations were both less than 1 mg/L in the influent in
both the summer and winter and thus, any nitrate and nitrite seen in the treatment units
indicate that nitrifying bacteria were present (Gerardi 2002).
600
Nitrite

Concentration (mg/L)

500
Nitrate
400
300

Total Ammonia
Nitrogen

200

Total Organic
Nitrogen

100
0
Summer

Winter

Aug. 29 - Oct. 31 (n = 6)

Nov. 14 - Mar. 5 (n = 3)

Figure 4.1 - Average influent nitrogen composition. Error bars represent standard error
of nitrogen constituents. Nitrite, nitrate and total ammonia nitrogen were measured in lab
analyses. Total organic nitrogen was calculated using total nitrogen measured in lab
analyses. Nitrate and nitrite were not visible due to negligible concentrations.

The volatile solids and total solids concentration were 3580 and 10100 mg/L,
respectively, indicating 65% of the solids were non-volatile, or inorganic (Table 4.1).
Volatile solids account for both suspended and soluble organic matter from the lagoon.1
Based on a suspended solids analysis of Jan. 9, 2020 samples, the influent solids were
predominantly inorganic and soluble, that is, salts (Figure 4.2). Inorganic solids

1

Standard Methods state that the volatile solids analysis includes both organic and inorganic constituents.
However, other dairy studies use volatile solids to represent organic matter and distinguishing the two types
of constituents is beyond the scope of this study.
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constituted 65% of total solids, of which 7% were suspended. Additionally, more than
half of the organic material in the influent was also soluble. The results of the suspended
solids analysis are further elaborated in Section 4.2.1.1.

14000
12000

Volatile (organic)
solids

10000

Volatile suspended
solids

Solids Concentration (mg/L)

TS=12100

Non-volatile
(inorganic) solids

8000
6000

Non-volatile
suspended solids

4000
TSS=2130
2000
0
Influent

Figure 4.2 - Influent TS and TSS comparison for the January 9, 2020 sample. Error bars
represent standard deviation of lab triplicates for total solids analyses.

During the study period, carbonaceous BOD5 averaged at 204 ± 56 mg/L. Based on a
soluble cBOD5 analysis conducted from Aug. 29 to Nov. 14, 2019, the influent
csBOD5/cBOD5 ratio averaged 0.39. The soluble form of cBOD5 can inhibit nitrification
by stimulating heterotrophic growth that competes with nitrifiers and by inactivating
enzyme systems in nitrifying bacteria. Consequently, csBOD5 must be degraded
significantly for nitrifiers to start nitrifying (Gerardi 2002).
The summer and winter averages for influent water characteristics are summarized in
Table 4.2. TAN, TN, cBOD5 and DOC had increased concentrations in the winter, most
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likely due to the cumulative loading into the lagoon and reduced rates of degradation
associated with the lower winter temperatures. pH and alkalinity saw negligible
differences between the two seasons.
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Table 4.2 - Seasonal influent water characteristics.
Summer1

SD

Min

Max

Winter2

SD

Min

Max

pH

7.9

0.2

7.5

8.2

7.8

0.1

7.7

8.0

Alkalinity (as CaCO3 mg/L)

3500

165

3130

3670

3510

328

2800

4000

Total Ammonia Nitrogen (TAN-N) (mg/L)

247

25

216

304

256.74

15

239

280

Nitrite-N (mg/L)

0.16

0.13

0.04

0.48

0.34

0.61

0.06

2.30

Nitrate-N (mg/L)

0.79

0.26

0.26

1.29

0.8

0.23

0.45

1.15

Total Nitrogen-N (mg/L)

425

28

371

467

474

39

441

555

Carbonaceous BOD5 (mg/L)

193

55

136

249

232

69

190

311

Total Solids3 (mg/L)

10300

1550

6930

12600

9870

1570

6730

12200

Volatile Solids (mg/L)
3620
370
2870
4240
3550
Summer Months include all passing data points between Aug. 29 to Oct. 31, 2019
2
Winter Months include all passing data points between Nov. 14, 2019 to Mar. 5, 2020
3
For total and volatile solids, data points with RSD greater than 15% were included in the averages.

484

2680

4680

3

1
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4.2 Algae Raceway Ponds
Pond samples were collected as grab samples once or twice a week between 8 and 9 a.m.
A diel study showed negligible variation throughout the time of day for pH, alkalinity,
volatile solids, and total ammonia nitrogen (TAN) concentrations. During the diel study,
influent was pulsed hourly between 9 a.m. and 4 p.m., which represent 3 and 11 hours
after 6 a.m., respectively. Based on diel results, samples that were collected between 8
and 9 a.m. most likely had nitrate at their peak daily concentrations and nitrite at their
lowest concentrations (Appendix D, Figure 4.3, Figure 4.4). The inflections in the
nitrate and nitrite concentration patterns occurred when influent pulses stopped 11 hours
after 6 a.m.

25

Influent
Pond 1: 7-day HRT

20

Pond 3: 7-day HRT

Nitrate (mg-N/L)

Pond 4: 10-day HRT
15

Pond 6: 10-day HRT

10

5

0
0

4

8
12
16
Hours after Sept 17, 6 a.m.

20

Figure 4.3 - Diel nitrate concentrations in algae ponds (Sept. 17 and 18, 2019)
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2.0

Influent

1.8

Pond 1: 7-day HRT

1.6

Pond 3: 7-day HRT

Nitrite (mg-N/L)

1.4

Pond 4: 10-day HRT

1.2

Pond 6: 10-day HRT

1.0
0.8
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Figure 4.4 - Diel nitrite concentrations in algae ponds (Sept. 17 and 18, 2019)

The following sections include a supplementary analysis on the presence of organic
compounds, an analysis on the presence and removal nitrogen and an elaboration on
productivity and TAN removal rates to address the research objectives.
4.2.1 Characterization of Organics
The presence of organic compounds inhibits nitrification (Gerardi 2002). Suspended
solids, total/volatile solids, chemical oxygen demand (COD) and carbonaceous biological
oxygen demand (cBOD5) analyses estimated the presence of organics to characterize
organic constituents and to better understand their biodegradability in the ponds. The
purpose of the next few sections was to answer the following questions:
•

What fraction of the total solids were soluble after pond treatment?

•

What fraction of the total solids were volatile after pond treatment?

•

What fraction of the soluble volatile solids were non-biodegradable?
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These questions are relevant to treatment because organics are potential inhibiting factors
to biological treatment of TAN.
4.2.1.1 Suspended Solids Analysis
On Jan. 9, 2020, total suspended solid analysis (TSS) was conducted alongside the total
solids (TS) analysis to determine how much of the total solids were soluble after pond
treatment. The average TS, VS and TSS, VSS for the 7-day (Pond 2 & 3), 10-day (Pond
4 & 5) and 14-day (Pond 1 & 6) duplicate raceways are summarized in Table 4.3. After
treatment, total and volatile solids generally had little to no increase, while total and
volatile suspended solids had more noticeable increases in concentration.
Table 4.3 - Mean TS, VS, TSS, VSS concentrations of Jan. 9, 2020 algae pond samples
with duplicates’ standard deviations (SD). All units are presented in mg/L.
TS

SD

VS

SD

TSS

SD

VSS

SD

Influent

12100

208

4270

103

2130

50

1590

30

7-day

13100

5

4530

42

2370

79

1810

39

10-day*

10600

830

3910

368

2700

94

1930

118

14-day
12100
33
4130
99
2780
220
1990
86
*Pond 5 Total Solids test failed quality control measures (relative standard deviation of lab
triplicates > 15%) but was included in the average.

The influent had a VS/TS ratio of 0.35 and a VSS/TSS ratio of 0.74, both of which had
negligible changes (< 10% difference from influent) after pond treatment (Table 4.4).
The greater proportion of organic compounds in total suspended solids compared to total
solids suggests that most of the suspended solids were organic and most of the dissolved
solids were inorganic. The influent had a VSS/VS ratio of 0.37, indicating that 63% of
the organic matter was soluble. With volatile solids concentrations relatively the same
and volatile suspended solids concentrations increasing after pond treatment, the increase
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in VSS/VS ratio suggests algal and bacterial growth in the ponds. In future studies,
suspended solids might be more precise than volatile solids in specifically demonstrating
algal and bacterial productivity in the ponds.
Table 4.4 - Total solids and total suspended solids ratios from Jan. 9, 2020 algae raceway
pond sample
Sample

VS/TS

VSS/TSS

VSS/VS

TSS/TS

Influent

0.35

0.74

0.37

0.18

7-day

0.35

0.76

0.40

0.18

10-day

0.37

0.71

0.49

0.26

14-day

0.34

0.72

0.48

0.23

Although algae biomass in the pond was not visible to the eye due to the murkiness of the
water, micrographs showed increases in solids and the presence of algae and bacterial
biomass (Figure 4.5).

Figure 4.5 - (Left) Influent sample from Oct. 25, at 100x. (Middle) Pond 4 sample from
Oct. 25, 100x. (Right) Pond 4 sample from Nov. 15, 400x.

After pond treatment, regardless of hydraulic residence time, 35 ± 2% of the total solids
were organic and 78 ± 4% (mean ± standard deviation) of the total solids were dissolved.
The remaining 22% of total solids were suspended solids, which were predominantly
organic (73 ± 2%). Organic suspended solids are indicative of biomass in the ponds.
Suspended solids can be removed through physio-chemical treatment, but dissolved
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solids are more difficult to remove. Consequently, to better understand the degradability
of the dissolved solids, the following sections characterize the proportion of dissolved
solids that were organic.
4.2.1.2 Chemical Oxygen Demand Analysis
All organic compounds, with a few exceptions, are subject to being oxidized chemically
via strong oxidizing agents in acid conditions (Sawyer et al. 2003). Chemical oxygen
demand (COD) measures the oxygen demand of the chemical degradation of organics
(Sawyer et al. 2003).
On August 1, 2019, total COD (tCOD) analysis was conducted alongside a soluble COD
(sCOD) to determine the ratio of sCOD to tCOD in the ponds while operating on a 7-day
hydraulic residence time (HRT) (Table 4.5).
Table 4.5 - Mean sCOD and tCOD for Aug. 1, 2019 algae pond samples, when all ponds
were operating at a 7-day HRT.
Influent

Pond 1

Pond 2

Pond 3

Pond 4

Pond 5

Pond 6

sCOD (mg/L)

1250

1100

992

970

1070

941

948

tCOD (mg/L)

2720

3300

3330

3480

3450

3240

3550

sCOD/tCOD

0.46

0.33

0.30

0.28

0.31

0.29

0.27

Roughly half of influent COD was soluble. The 7-day HRT treatment resulted in a 20 ±
5% (mean ± standard deviation) decrease in sCOD and an increase in particulate COD,
which suggests assimilation of soluble organic compounds were occurring in the ponds
(Figure 4.6). After pond treatment, 30 ± 2% of COD was from soluble organic matter.
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Figure 4.6 - Mean sCOD and tCOD, shown as particulate COD, for Aug. 1, 2019
samples. Particulate COD = tCOD – sCOD.

4.2.1.3 Biological Oxygen Demand Analysis
Carbonaceous biological oxygen demand (cBOD5) is the five-day oxygen demand of
suspended and soluble organic material that are degraded through biological processes,
except for nitrification (Sawyer et al. 2003). cBOD5 can provide insight on how much of
the COD is biodegradable. Mean cBOD5 data is summarized per season in Table 4.6.
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Table 4.6 - Seasonal mean cBOD5 for algae pond samples, presented in mg/L. SD is
standard deviation over time.

Sample

Summer
(Aug. 29 – Oct. 24, 2019)
HRT
Mean
SD

n

Winter
(Nov. 14, 2019 – Feb. 20, 2020)
HRT
Mean
SD
n

Influent

-

193

55

5

-

232

69

3

Pond 1

7-day

207

68

7

14-day

305

84

5

Pond 2

7-day

206

96

7

7-day

308

90

4

Pond 3

7-day

255

126

4

7-day

305

154

4

Pond 4

10-day

213

58

7

10-day

282

95

4

Pond 5

10-day

137

55

6

10-day

274

38

4

Pond 6

10-day

117

94

3

14-day

287

112

4

Influent cBOD5 increased by 40 mg/L in the winter, likely due to cumulative organic
build up in the lagoon and potentially reduced temperatures during winter resulting in
less biodegradation within the storage lagoon. In the summer, pond treatment resulted in
an increase in cBOD5 in the 7-day ponds and a decrease in the 10-day ponds (Figure
4.7). However, overlapping standard deviations suggest that differences in observed
cBOD5 removal were statistically insignificant. In the winter, although statistically
insignificant, cBOD5 notably increased in all the ponds, which may be the result of
accumulation and the uneven distribution of passing data points. Average cBOD5 for the
winter period had data points that passed primarily in February, whereas the summer
average included cBOD5 data that passed almost weekly during September and October.
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Figure 4.7 - Summary of seasonal mean cBOD5 data, as presented in Table 4.6. For
influent, error bars represent standard deviation of cBOD5 over time; for ponds, error bars
represent standard deviation of means of cBOD5 over time among triplicate ponds.

Patterns in the COD results were confirmed in BOD results. Soluble cBOD5 (scBOD5)
decreased and total cBOD5 increased during pond treatment, suggesting that scBOD5 was
assimilated into particulate cBOD5 (Table 4.7). Between Aug. 29 and Oct. 24, 39% of
the influent cBOD5 was soluble, indicating that most of the carbonaceous organic matter
in the influent was in particulate form, which was also observed in the COD data. In
contrast, roughly 9% of cBOD5 was soluble after pond treatment.
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Table 4.7 - Mean csBOD5 and cBOD5 for Aug. 29 to Oct. 24, 2019 algae pond samples,
presented in mg/L. SD is standard deviation over time.
HRT

Sample

csBOD5

SD

n

cBOD5

SD

n

csBOD5:
cBOD5

-

Influent

75

26

6

193

55

5

0.39

Pond 1

18

5

7

207

68

7

0.09

Pond 2

19

7

6

206

96

7

0.09

Pond 3

21

9

5

255

126

4

0.08

Pond 4

18

7

7

213

58

7

0.08

Pond 5

15

5

7

137

55

6

0.11

Pond 6

12

3

5

117

94

3

0.10

7-day
HRT

10-day
HRT

After treatment, for all ponds, there was a noticeable decrease in the scBOD5 (~9%
soluble) and a notable, yet insignificant, increase in particulate organic matter (Figure
4.8). This pattern suggests that the soluble, biodegradable organic matter was being
converted into particulate organic matter (i.e. algae and bacterial biomass) through
assimilation.
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Figure 4.8 - Summary of mean csBOD5 and cBOD5, shown as particulate cBOD5, for
Aug. 29 to Oct. 24, 2019 pond samples. Particulate cBOD5 = cBOD5 – soluble cBOD5.
For influent, error bars represent standard deviation of cBOD5 over time; for ponds, error
bars represent standard deviation of means of cBOD5 over time among triplicate ponds.

Analysis of scBOD5 and sCOD data from Nov. 7, 2019 samples estimated that ~90% of
the soluble organic compounds in the influent were non-biodegradable, or recalcitrant
(Figure 4.9). However, the proportion of non-biodegradable soluble organics increased
to ~98% after pond treatment. The increase in proportion can be attributed to the
degradation of scBOD5, combined with the production of soluble non-biodegradable
organic compounds from cell secretion during pond microbial activity (US EPA 1978).
However, further research is required to confirm the patterns with more data points.
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Figure 4.9 - Measured sCOD and scBOD5 for November 7, 2019 algae pond samples.
Ponds 2 and 3 were on a 7-day HRT, Ponds 4 and 5 were on a 10-day HRT, Ponds 1 and
6 were on a 14-day HRT.

The solids analysis showed that after pond treatment, regardless of HRT, ~78% of the
total solids (35800 ± 830 mg/L) were soluble and ~35% of the total solids were organic.
In terms of oxygen demand, organic compounds exerted an oxygen demand of 3400 ±
120 mg/L, of which 30% were soluble and 2% were biodegradable after pond treatment,
indicating there was some biological treatment of organic compounds in the ponds.
Suspended solids, COD and cBOD5 data demonstrated assimilation of soluble organic
compounds in the ponds. However, a lot of non-biodegradable soluble organics were still
present in the wastewater after pond treatment, which were further characterized in the
nitrogen analysis section.
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4.2.2 Nitrogen Analysis
Nitrogen removal from wastewater can help dairy farms comply with environmental
regulations and protect public health. For this study, analyses of total ammonia nitrogen,
nitrate, nitrite, total nitrogen, and organic nitrogen were used to answer the following
questions and described in the next few sections:
•

What was the organic nitrogen content of the biomass (VSS, VS)?

•

What was the soluble organic N concentration after treatment?

•

How did TN and TAN removal rate compare between the summer and winter
periods?

•

What nitrogen removal mechanisms are involved in treatment?

4.2.2.1 Organic Nitrogen Analysis
In the San Joaquin Valley, dairy farm nitrogen management plans are based on total
nitrogen, which includes organic N. Particulate organic nitrogen can be interpreted as
biomass, in suspended or colloidal form, while soluble organic nitrogen is comprised of
humic substances and biologically produced dissolved organic compounds from cell
decay and excretion (US EPA, 1978). During pond treatment, particulate organic
nitrogen was expected to either be produced via assimilation of inorganic nitrogen into
microbial cells or be degraded into soluble organic nitrogen. Soluble organic nitrogen
was not expected to be easily removed via biological processes (US EPA, 1978, Sawyer
et al. 2003). Therefore, soluble organic nitrogen concentrations were expected to
increase during treatment.
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Data points that passed quality control measures from the total ammonia nitrogen (TAN),
nitrate (NO3-), nitrite (NO2-) and total nitrogen (TN) lab analyses were used calculate
organic nitrogen (ON) concentration in the ponds during the summer and winter period
(Table 4.8, Equation 3.1). Organic nitrogen was expected to have a net increase after
treatment from the conversion of TAN to biomass via assimilation. Despite the increase
after pond treatment, average ON concentrations among the three hydraulic residence
times had based overlapping standard deviations. More data points are required to
confirm the increase in organic nitrogen during pond treatment.
Table 4.8 - Seasonal mean organic nitrogen, presented in mg-N/L. For influent, SD is
standard deviation of measured ON over time; for ponds, SD is standard deviation of
measured ON among triplicate ponds, which were averaged over time.
Summer
Winter
Oct. 15, Oct. 17, 2019
Nov. 19, Nov. 21, 2019; Jan. 30,
(n = 2)
2020 (n = 3)
Mean
SD
Mean
SD
Influent
167
22
236
42
7-day
246
79
229*
34
10-day
291
91
245
25
14-day
271
35
*One TN point was omitted from 11/19, Pond 3 due to a lab analysis error

The ratios of ON to volatile solids (VS) showed insignificant differences between the
summer and winter and that, regardless of hydraulic residence time (HRT), organic
nitrogen constituted 6% of the organic compounds in the influent and ponds during the
entire study period (Table 4.9). However, due to the limited availability and inconsistent
distribution of passing data, further research should be conducted to confirm these
findings with more data points over longer time periods.
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Table 4.9 - Seasonal mean ON to VS ratios in algae ponds (in g-N to g VS). For
influent, SD is standard deviation of ratios over time; for ponds, SD is standard deviation
of measured ratios among triplicate ponds, which were averaged over time.
Summer
Oct. 15, Oct. 17, 2019
(n = 2)
Mean
SD

Winter
Nov. 19, Nov. 21, 2019;
Jan. 30, 2020 (n = 3)
Mean
SD

Influent

0.05

0.01

0.06

0.02

7-day
10-day
14-day

0.06
0.07
-

0.03
0.03
-

0.07
0.06
0.07

0.01
0.00
0.02

Lab measured total soluble nitrogen and inorganic nitrogen results were used to
determine soluble organic nitrogen (SON) concentrations (Table 4.10, Equation 3.2).
SON concentrations quantified the nitrogen that were expected to stay the same or
increase in the ponds, because they are difficult to degrade. While there was an increase
in SON concentration from the summer to winter period and among the three HRTs, the
differences were insignificant and require more data points to confirm the findings. The
influent had on average 30 mg/L of soluble organic nitrogen while the ponds had on
average 35 mg/L throughout the whole period.
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Table 4.10 - Seasonal mean soluble organic nitrogen, presented in mg/L. For influent,
SD is standard deviation of SON over time; for ponds, SD is standard deviation of SON
among triplicate ponds, which were averaged over time.

Sample

Summer
Oct. 15, Oct. 17, 2019
(n = 2)
Mean
SD

Winter
Nov. 19, Nov. 21, 2019; Jan. 30,
2020 (n = 3)
Mean
SD

Influent

23

25

36

31

7-day

32

5

45

34

10-day

15*

7

36

26

14-day

-

-

38

35

*Three data points were omitted from 10-day ponds due to negative values.

In the influent, SON made up 16% of the total ON, on average, during the study period
(Table 4.11). In the ponds, regardless of HRT, soluble organic nitrogen made up 14 ±
10% (mean ± standard deviation) of the total during the study period. With overlapping
standard deviations, the decrease in proportion was considered negligible.
Table 4.11 - Seasonal mean soluble to total organic nitrogen ratios. For influent, SD is
standard deviation of ratios over time; for ponds, SD is standard deviation of ratios
among triplicate ponds, which were averaged over time.

Sample

Summer
Oct. 15, Oct. 17, 2019
(n = 2)
Mean
SD

Winter
Nov. 19, Nov. 21, 2019; Jan. 30,
2020 (n = 3)
Mean
SD

Influent

0.13

0.13

0.17

0.16

7-day

0.14

0.03

0.15

0.12

10-day

0.05

0.03

0.15

0.06

14-day

-

-

0.19

-

4.2.2.2 Nitrogen Removal Analysis
Two types of nitrogen removal were further assessed: total nitrogen removal (TN) and
total ammonia nitrogen (TAN) removal. TN removal is the loss of any form of nitrogen
from the wastewater. TAN removal is the loss of ammonia + ammonium. Removal of
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nitrogen from the influent occurs from the removal of total ammonia nitrogen (Figure
4.10). Therefore, although both removal metrics were analyzed, the focus of the thesis
was on TAN removal mechanisms. The mechanisms for TAN removal in the scope of
this thesis are nitrification, assimilation, and volatilization.

Figure 4.10 - Total nitrogen mass balance and potential removal mechanisms, not to
scale. Nitrate, nitrite concentrations in the influent were assumed negligible. Nitrate,
nitrite in the influent would have been nitrified, then denitrified (adapted from Diego
2018).
This section includes analysis on effectiveness of the algae raceway ponds, in terms of
TN and TAN removal rates and the removal mechanisms involved in algae raceway pond
treatment.
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4.2.2.2.1 Total Nitrogen Loading and Removal
The total nitrogen concentrations used for the following section includes data points
where TN, TAN, NO3- and NO2- passed the lab tests’ quality control measures as defined
in the Section 3.5.4, to avoid discrepancies in later analyses that evaluate TAN removal
mechanisms (Table 4.12).
Table 4.12 - Seasonal mean measured total nitrogen (mg/L). For influent, SD is standard
deviations of TN among lab triplicates. For ponds, SD is standard deviations of TN
among pond replicates, which were averaged over time.

Sample

Summer
Sept. 12 - Oct. 29, 2019
(n=6)
Mean
SD

Winter
Nov. 14, 2019 - Jan. 30, 2020
(n=3)
Mean
SD

Influent

422

24

494*

57

7-day

344

22

407

22

10-day

366

26

397

9

14-day

-

-

404

7

*One TN data point was omitted from winter, 7-day ponds mean due to lab error.

Using total nitrogen values of the influent and the hydraulic residence times (HRT) of the
ponds, the total nitrogen loading rates into the ponds were calculated (Equation 3.3)
Actual HRTs were within 10% of the theoretical HRTs, so the latter was used to calculate
the total nitrogen loading rate (Appendix B). The calculated total nitrogen loading rates
are summarized in Table 4.13.

79

Table 4.13 - Seasonal total nitrogen mass loading rates in algae ponds.

Sample

Summer
Sept. 12 - Oct. 29, 2019 (n = 6)
g/day
g/m3-day
g/m2-day

Winter
Nov. 14, 2019 - Jan. 30, 2020 (n = 3)
g/day
g/m3-day
g/m2-day

7-day

57.0

60.3

16.3

66.7

70.6

19.1

10-day

39.9

42.2

11.4

46.7

49.4

13.3

14-day

-

-

-

33.3

35.3

9.5

3

Volume of pond = 0.945 m , Surface area of pond = 3.5 m

2

Flowrate = 135 L/day for 7-day HRT, 94.5 L/day for 10-day HRT, 67.5 L/day for 14-day HRT

Three different metrics were determined for removal rate: first-order removal rate
constant (1/day), volumetric nitrogen removal rate (g-N/m3 of liquid volume in pond-day)
and areal nitrogen removal rate (g-N/m2 of pond-day). Discussions focused on first-order
removal rate constants, while volumetric and areal rates were presented for reference.
With increasing HRT, percent removal was expected to increase while first-order
constants, volumetric and areal removal rates were expected to decrease, as an increase in
HRT implies a smaller loading rate and based on first-order removal principles, a smaller
loading rate would result in smaller removal rates.
During both seasons, TN percent removal results were opposite of what was expected,
and TN removal rates were as expected (Table 4.14). However, the differences in total
nitrogen removal and removal rates among the HRTs were insignificant. One-way
ANOVA tests (alpha = 0.05) performed by JMP Pro statistical software demonstrated
whether the differences in TN removal and removal rates among HRTs were statistically
significant (Section 3.5.8). No statistically significant differences were found for mean
percent removal (F ratio = 0.78, P = 0.47), mean first-order removal rate constants (F
ratio = 1.02, P = 0.38), mean volumetric removal rates (F ratio = 1.33, P = 0.29) and
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mean areal removal rates (F ratio = 1.33, P = 0.29) for total nitrogen among the three
HRTs during the entire study period (Appendix E).
Table 4.14 - Summary of total nitrogen removal and removal rates (mean ± standard
deviation) in algae raceway ponds. Standard deviation is of removal or removal rate over
time.
HRT

Summer: Sept. 12 – Oct. 29, 2019 (n=6)
%
1/day
g/m3/day

g/m2/day

7-day

19 ± 5

0.038 ± 0.009

11.2 ± 3.2

3.0 ± 0.9

10-day

13 ± 6

0.025 ± 0.007

5.7 ± 2.6

1.5 ± 0.7

14-day

-

-

-

-

HRT

Winter: Nov. 14, 2019 – Jan. 30, 2020 (n=3)
%
1/day
g/m3/day

g/m2/day

7-day*

20 ± 1

0.036 ± 0.002

14.3 ± 0.5

3.9 ± 0.1

10-day

19 ± 2

0.025 ± 0.003

9.7 ± 0.9

2.6 ± 0.3

14-day

18 ± 2

0.016 ± 0.002

6.4 ± 0.5

1.7 ± 0.1

*One TN data point was omitted from winter, 7-day ponds average due to lab error.

Changes in the concentration of the different nitrogen constituents provide evidence for
potential removal mechanisms occurring in the ponds during each season (Figure 4.11,
Figure 4.12). Based on an increase in ON, some assimilation of TAN occurred in all the
ponds during the summer, and in the 10-day and 14-day ponds during the winter. During
the winter, ON in the 7-day ponds decreased by < 5 mg/L, likely due to less microbial
growth during colder winter temperatures and relatively short HRT. However, more data
points are required to confirm this finding. Removal mechanisms were further explored
in the next section focusing on TAN removal.
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Figure 4.11 - Summary of summer nitrogen constituent (Sept. 12 to Oct. 29, 2019; n =
6). For influent, error bars represent standard deviation of measured TN over time; for
ponds, error bars represent standard deviation of means of measured TN over time among
triplicate ponds.
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Figure 4.12 - Summary of winter nitrogen constituents (Nov. 19, 2019 to Feb. 27, 2020;
n = 3). *One ON data point was omitted from the 7-day average due to lab error. For
influent error bars represent standard deviation of measured TN over time; for ponds,
error bars represent standard deviation of means of measured TN over time among
triplicate ponds.
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TN concentrations indicated that longer HRTs do not necessarily correspond to greater
TN removal. Although the 7-day HRT had an absence of nitrate and nitrite that was
distinct from the 10- and 14-day HRT ponds, the three HRTs had similar TN removal.
However, longer HRTs do correspond to greater TAN removal, the mechanisms of which
are explored in the next section.
4.2.2.2.2 Ammonia Nitrogen Loading and Removal
TAN concentrations increased in the influent and in the ponds in the winter season, when
compared to the summer season (Table 4.15). Calculated loading rates were similar for
the two seasonal periods (Table 4.16).
Table 4.15 - Seasonal mean TAN concentrations in algae ponds, presented in mg-N/L.
For influent, SD is the standard deviation of measured TAN over time; for ponds, SD is
the standard deviation of means of measured TAN over time among triplicate ponds.
Summer
Aug. 29 - Oct. 31, 2019 (n = 11)

Winter
Nov. 14, 2019 – Mar. 5, 2020
(n = 7 for influent, n = 6 for ponds)
Mean
SD

Mean

SD

Influent

247

25

257

15

7 Day

120

26

174

26

10 Day

80

13

121

47

14 Day

-

-

96

49

Table 4.16 - Seasonal mean TAN mass loading rates in algae ponds.
Summer
Aug. 29 - Oct. 31, 2019 (n=11)

Winter
Nov. 14, 2019 – Mar. 5, 2020
(n = 7)
g/day
g/m3-day
g/m2-day

g/day

g/m3-day

g/m2-day

7-day

33

35

10

35

37

10

10-day

23

25

7

24

26

7

14-day

-

-

-

17

18

5

Volume of pond = 0.945 m3, Surface area of pond = 3.5 m2
Flowrate = 135 L/day for 7-day HRT, 94.5 L/day for 10-day HRT and 67.5 L/day for 14day HRT
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Average TAN removal increased with longer HRTs and was greater in the summer than
in the winter, as expected (Table 4.17). Additionally, during the study period,
differences in TAN percent removal were statistically significant among the three HRTs
based on a one-way ANOVA test (alpha = 0.05) via JMP Pro statistical software (F ratio
= 8.8, P = 0.0007) (Appendix E).
First-order removal rate constants were greater in the summer than in the winter –
suggesting that algae pond systems should be sized based on winter performance rather
than summer performance. During the summer, differences in first-order removal rate
constants among the HRTs were statistically significant (F ratio = 4.4, P = 0.048) despite
overlapping standard deviations. Additionally, the first-order removal rate constants were
higher in the 10-day ponds than in the 7-day ponds, despite the 10-day ponds’ smaller
loading rates. Although similar patterns were observed during the winter, differences in
first-order removal rate constants were statistically insignificant amongst the three HRTs
(F ratio = 1.99, P = 0.169), suggesting that rates at which TAN was removed were the
same regardless of HRT.
In the winter, average volumetric and areal removal rates were highest in the 10-day HRT
ponds, likely due to performance disruptions that interfered with performance in the
winter. The 14-day ponds had data collected solely in the winter when performance was
impacted, while the 10-day ponds had data collected in summer as well, when
performance was not disrupted. A one-way ANOVA test was conducted to determine
whether the differences in areal and volumetric TAN removal rates among the HRTs
were statistically significant. The differences in areal (F ratio = 0.76, P = 0.483) and
volumetric (F ratio = 0.76, P = 0.483) TAN removal rates were statistically insignificant
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during the winter, suggesting that TAN removal rates were not sensitive to HRTs in the
7- to 14-day range.
Table 4.17 - Summary of total ammonia nitrogen removal and removal rates (mean ±
standard deviation). Standard deviation is of removal or removal rate over time.
Summer: Aug. 29 – Oct. 31, 2019 (n = 11)
HRT

%

1/day

g/m3-day

g/m2-day

7-day

51 ± 11

0.17 ± 0.08

18.1 ± 4.5

4.9 ± 1.2

10-day

68 ± 4

0.23 ± 0.05

16.7 ± 2.2

4.5 ± 0.6

14-day

-

-

-

-

Winter: Nov. 14, 2019 – Mar. 5, 2020 (n=6)
HRT

%

1/day

g/m3-day

g/m2-day

7-day

32 ± 9

0.07 ± 0.03

11.5 ± 3.1

3.1 ± 0.8

10-day

53 ± 16

0.14 ± 0.08

13.4 ± 3.7

3.6 ± 1.0

14-day

63 ± 17

0.18 ± 0.15

11.4 ± 2.8

3.1 ± 0.8

A time series of the first-order removal rate constants demonstrate variability within each
season (Figure 4.13, Figure 4.14). In the summer, difference in the removal rate
constants between the two HRTs were noticeable after Sept. 12, about one month after
the HRTs were changed for the summer period. In the winter, removal rate constants
increased sharply on Dec. 3, which might have resulted from dilution of the ponds due to
rain that week. Additionally, a disruption in performance occurred during December
when removal rate constants gradually decreased for the 10- and 14-day HRTs and
plateaued at approximately 0.05 day-1 in February. As such, the 10- and 14-day HRT
ponds’ removal rate constants may not reflect normal performance of algae ponds in the
winter. The mechanisms that affected removal rate constants are elaborated in the
following section.
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First Order TAN Removal Rate Constant
(1/day)

0.50
0.45
0.40
7 day HRT
ponds (Pond
1, 2, 3)

0.35
0.30
0.25
0.20

0.15

10 day HRT
ponds (Pond
4, 5, 6)

0.10
0.05
0.00
17-Aug

6-Sep

26-Sep

16-Oct

5-Nov

2019

Figure 4.13 - Summer first-order TAN removal rate constants. Dotted lines represent
mean of pond triplicates. Error bars represent standard deviation of mean removal rate
constants among pond triplicates.

First Order TAN Removal Rate Constant
(1/day)

0.50
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7 day HRT
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2, 3)
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Figure 4.14 - Winter first-order TAN removal rate constants. Dotted lines represent
mean of pond duplicates. Error bars represent standard deviation of mean removal rate
constants among pond duplicates.
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4.2.2.2.3 Supporting evidence for removal mechanisms
In this section, pH, temperature, and dissolved oxygen (DO) concentration were analyzed
to better understand the potential nitrogen removal mechanisms occurring in the ponds.
The pH of the ponds was in the range that is optimal for nitrification (7.5-8) (Table 4.18),
and because this pH is much lower than the 9.3 Ka of ammonium-ammonia, ammonia
volatilization was unlikely to be a major removal mechanism.
Table 4.18 - Seasonal mean pH in algae ponds. For influent, SD is the standard deviation
of measured pH over time; for ponds, SD is the standard deviation of measured pH
among triplicate ponds, which were averaged over time.
Summer
Aug. 29 – Oct. 31, 2019 (n = 15)
Mean
SD

Winter
Nov. 14, 2019 – Mar. 5, 2020 (n = 13)
Mean
SD

Influent

7.9

0.2

7.8

0.1

7-day

8.4

0.1

8.3

0.2

10-day

8.4

0.1

8.3

0.2

14-day

-

-

8.3

0.2

Alkalinity was sufficient in the ponds and was not expected to be inhibiting factors to
biological activity during treatment.
Table 4.19 - Seasonal mean alkalinity in algae ponds, presented in mg as CaCO3/L. For
influent, SD is the standard deviation of measured alkalinity over time; for ponds, SD is
the standard deviation of measured alkalinity among triplicate ponds, which were
averaged over time.
Summer
Aug. 29 – Oct. 31, 2019 (n=14)

Winter
Nov. 14, 2019 - Mar. 5, 2020
(n=12)
Mean
SD

Mean

SD

Influent

3500

165

3510

328

7-day

3520

216

3190

515

10-day

3560

378

3020

500

14-day

-

-

3130

568

87

Throughout the study period, the temperatures in the ponds were generally lower than the
optimal temperatures for nitrification (i.e., 15-20°C) (Table 4.20). Neptune temperature
readings for Pond 2 and Pond 5 were used to represent all ponds. The summer mean does
not include data from the first month (Aug. 29 to Sept. 18) of the summer period due to
missing data during the set-up stages of the Neptune Apex system. Out of the 162 days
that the temperature was recorded, only 6 days had mean temperatures above 15°C
(Figure 4.15). During the winter period (n = 118 days), on average, 2.3 hours of the day
had water temperature above 15°C, compared to 3.1 hours during the summer (n = 44
days). While the summer period had higher maximum temperatures than the winter
period, the minimum temperatures are essentially the same at 6°C for both periods. As
such, temperature may be an inhibiting factor to nitrification for both seasons.

Mean Daily Pond Temperature (°C)

20
10/31: End of Summer Period

18
16
14
12
10
8
6
4
2
0
18-Sep

18-Oct

18-Nov

18-Dec
2019-2020

18-Jan

18-Feb

Figure 4.15 - Daily mean pond temperature from Neptune Apex system. Data points
were missing between Dec. 31, 2019 and Jan. 7, 2020.
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Table 4.20 - Seasonal mean temperatures in °C. Temperatures were less than optimal for
nitrifying bacteria during both seasons. SD is standard deviation over time. Data are
missing from Aug. 29 to Sept. 18.

Mean

Summer
(Sept. 18 to Oct. 31, 2019)
10.7

Winter
(Nov. 14, 2019 to Mar. 2, 2020)
11.1

N (days)

44

118

SD

3.2

2.2

Maximum

18.7

15.7

Minimum

6.4

6.4

Mean DO concentrations from weekly handheld measurements were between 0 and 1
mg/L throughout most of the study period (Table 4.21). DO concentrations were much
lower than typical municipal wastewater algae ponds, which on average, range between 9
to 12 mg/L at temperatures between 5 to 20°C (Diego 2018). DO concentrations are
optimal for nitrification between 3 to 4 mg/L and inhibitory at < 0.5 mg/L
(Tchobanoglous et al. 2003). The low concentrations of DO in the algae ponds may be
due to the instantaneous consumption of oxygen due to high organics and TAN loading
that consumed the oxygen in the wastewater. DO concentrations were less than 1 mg/L
for all ponds after Nov. 28, which coincides with the lowest insolation in the study period
(Appendix F). The low insolation was most likely insufficient for algae to produce
oxygen in excess of consumption. Algae raceway ponds designed to treat dairy
wastewater should be sized for winter performance when limited insolation will likely
affect DO concentrations and biological activity.
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7 day HRT Ponds

10 day HRT Ponds

14 day HRT Ponds

6

Dissolved Oxygen (mg/L)

10/31: End of Summer Period

5
4
3
2
1
0
23-Sep

14-Oct

4-Nov

25-Nov 16-Dec
2019 - 2020

6-Jan

27-Jan

17-Feb

Figure 4.16 - Time series of dissolved oxygen concentrations in algae ponds. Error bars
represent standard deviation of mean DO among pond replicates. Compared to municipal
wastewater systems, concentrations are low. More oxygen was consumed than was
produced by algae photosynthesis during Dec. and Jan., suggesting possible limitations to
aerobic bacterial activity due to insufficient DO.

Table 4.21 - Seasonal mean dissolved oxygen in algae ponds, presented in mg/L. SD is
standard deviation of DO over time. Although algae were producing oxygen through
photosynthesis, low concentrations suggest instantaneous consumption of oxygen due to
high organic and TAN loading in ponds.
Summer
Sept. 23 – Oct. 31, 2019 (n=6)
Mean
SD
Min
Max

Winter
Nov. 14, 2019 – Mar. 5, 2020 (n=15)
Mean
SD
Min
Max

7 day

1.3

1.3

0.20

3.60

0.2

0.5

0.05

1.9

10 day

0.5

0.6

0.20

1.77

0.4

0.5

0.05

1.4

14 day

-

-

-

-

0.4

0.7

0.05

2.1

Based on pH levels, the ponds were not optimal for complete volatilization of TAN, but
partial volatilization may have still occurred. DO levels notably declined during the
month of December and its low concentrations, combined with low temperatures, were
likely inhibitory factors to nitrification and assimilation.
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TAN removal mechanisms include assimilation, nitrification and volatilization and were
calculated using total nitrogen, nitrate and nitrite data in the summer and winter (Table
4.22, Table 4.23). Any increase in organic nitrogen in the ponds when compared to the
influent was attributed to TAN assimilation. Nitrification was assumed to be the sum of
the increase in nitrate and nitrite concentrations in the ponds compared to the influent.
Any remaining concentration of TAN removed was assumed to demonstrate a
combination of ammonia volatilization and denitrification.
Table 4.22 - Summer potential TAN mass removal estimates (g – N/day), from Sept. 12
to Oct. 29 (n = 6) samples.

Assimilation

4.9

% of Total
TAN
removed
31%

Residual Oxidized N

0.5

Volatilization/Denitrification

10.4

TAN Removed

15.8

7-day HRT
Ponds

5.2

% of Total
TAN
removed
33%

3%

5.3

34%

66%

5.2

33%

10-day HRT
Ponds

15.6

7-day ponds had flowrate of 135 L/day; 10-day ponds had flowrate of 94.5 L/day.

Despite having different percent removals and removal rates, the 7-day and 10-day ponds
removed similar masses of TAN during the summer. The performance of the two HRTs
were distinguished by the presence of nitrate and nitrite. In the 7-day ponds, some nitrate
was present in the first two weeks of the summer period, which generated during the
initial set up stages of the ponds when the water temperatures were likely above 15°C.
However, the gradual decline and the increase in TAN suggests that a nitrifier
populations were not maintained after the initial set up stages. Gerardi (2002) noted that
in facultative lagoons, a TAN concentration greater than 100 mg/L is toxic to ammonia
oxidizers at 20oC, pH =7 – which is a possible explanation to why the nitrifier population
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gradually decreased in the 7-day ponds, but not in the 10-day ponds. The low
concentrations of nitrite indicate that some oxidation was occurring, which could be a
result of incomplete nitrification.
The 10-day HRT ponds had nitrate concentrations greater than 10 mg/L, which suggested
that a stable nitrifier population was maintained throughout the summer period (Figure
4.18). While the absence of nitrate and nitrite in the 7-day ponds does not necessarily
suggest that there was no nitrifier population maintained in the ponds, as the nitrate and
nitrite could have been simultaneously nitrified and denitrified, the 7-day ponds resulted
in smaller removal and removal rates compared to the 10-day HRT ponds (Figure 4.17).
Consequently, the nitrification occurring in 10-day HRT ponds was likely contributing to
its faster removal rates. In the context of the 10-day and 14-day ponds, the higher TAN
loading rates and presence of organic compounds alongside the shorter HRT of the 7-day
ponds may have contributed to different removal mechanisms (i.e. simultaneous
nitrification and denitrification) observed in the ponds (Table 4.16).
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Figure 4.17 - Summer mean TAN, nitrate and nitrite concentrations in the 7-day
triplicate ponds (Aug. 29 to Oct. 31, 2019). Error bars represent standard deviation
among triplicate ponds. Error bars may not be visible as the standard deviations are too
small.
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Figure 4.18 - Summer mean TAN, nitrate and nitrite concentrations in the 10-day
triplicate ponds (Aug. 29 to Oct. 31, 2019). Error bars represent standard deviation of
triplicate ponds. Error bars may not be visible as the standard deviations are too small.
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Volatile solids concentrations increased in the ponds, suggesting the growth of biomass
observed in Section 4.2.1 (Table 4.23). The concentration of N assimilated corresponds
to the ON content in the net VS produced in each of the ponds. Using the calculated
ON/VS ratios from Section 4.2.1 of 6% and 7%, the mass of ON in the net VS produced
was 4.3 and 5.4 g-N/day in the 7-day and 10-day ponds, respectively (Appendix G). The
calculated increase in ON based on net VS productivity was less than 1.0 g/day different
than the mass of nitrogen assimilated presented in Table 4.22.
Table 4.23 - Summer mean VS concentrations, presented in mg/L, from Aug. 29 to Oct.
31, 2019 samples (n = 16).
Influent

7-day ponds

10-day ponds

Mean

3620

4150

4430

SD

371

499

768

Min

2870

3070

3200

Max

4240

5190

6750

In the winter, disruptions to treatment due to low insolation and low DO levels may have
contributed to the removal in the 14-day ponds that was less than that in the 10-day ponds
(Table 4.24).
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Table 4.24 - Winter potential TAN mass removal estimates, presented in in g - N/day,
from Nov. 19, 2019 to Jan. 3, 2020 (n = 3) samples.

Assimilation

0*

% of
TAN
removed
0%

Residual Oxidized N

0.1

Volatilization/Denitrification

11.8

7 DAY

0.9

% of
TAN
removed
7%

1%

3.6

99%

9.0

10
DAY

2.4

% of
TAN
removed
22%

26%

2.6

24%

67%

5.9

55%

14
DAY

TAN Removed
11.9
13.5
10.9
*Set to 0 due to negative results from pond ON concentrations lower than influent.
7-day ponds had flowrate of 135 L/day, 10-day ponds had flowrate of 94.5 L/day, 14-day
ponds had flowrate of 67.5 L/day

Similar to the summer period, the 7-day ponds had little to no concentrations of nitrate
and nitrite, suggesting that a nitrifier population did not develop throughout the winter or
denitrification destroyed most of the oxidized nitrogen produced (Figure 4.19).
Additionally, concentrations of TAN continued to rise above 100 mg/L, meaning toxicity
was another potential impedance to the nitrifier populations.
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Figure 4.19 - Winter mean TAN, nitrate and nitrite concentrations in the 7-day triplicate
ponds (Nov. 14, 2019 to Mar. 5, 2020). Error bars represent standard deviation of
triplicate ponds. Error bars may not be visible as the standard deviations are too small.

In the 10-day and 14-day HRT ponds, the nitrifier population die off that occurred in the
summer for the 7-day HRT ponds was observed in December and January, the same
period where first-order removal rates dropped and plateaued and dissolved oxygen
levels fell below 1 mg/L consistently. Mean temperatures below 15°C, DO
concentrations < 1 mg/L and the toxic levels of TAN most likely contributed to the
decline in nitrifier population in the 10-day and 14-day ponds during December.
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Figure 4.20 - Winter mean TAN, nitrate, nitrite concentrations in 10-day triplicate ponds
(Nov. 14, 2019 to Mar. 5, 2020). Error bars represent standard deviation of triplicate
ponds. Error bars may not be visible as the standard deviations are too small.
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Figure 4.21 - Winter mean TAN, nitrate, nitrite concentrations in 14-day triplicate ponds
(Nov. 14, 2019 to Mar. 5, 2020). Error bars represent standard deviation of triplicate
ponds. Error bars may not be visible as the standard deviations are too small.
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The volatile solids concentrations were used as indicators for concentrations of TAN that
were assimilated (Table 4.25). Using an ON/VS ratio of 6%, the mass of ON in the
biomass was estimated. The mass of ON assimilated was 2.9 g-N/day, 0.3 g-N/day and
0.4 g-N/day, respectively (Appendix G). The large discrepancies from Table 4.24 were
likely from large standard deviations in the volatile solids data.
Table 4.25 - Winter mean VS concentrations, presented in mg/L, from Nov. 14, 2019 to
Mar. 5, 2020 samples (n = 17).
Influent

7-day HRT

10-day HRT

14-day HRT

Mean

3910

4220

3970

4000

SD

901

1670

608

811

Min

2850

2720

2540

2650

Max

5690

10200

4970

5460

4.2.3 Correlations
Using the data above, correlations were analyzed for net and gross productivity and TAN
removal rate constants. The 7-day, 10-day and 14-day mean temperature and insolation
were correlated against their respective productivity and removal rate constants. Volatile
solids data from the same day were analyzed against removal rate constants.
4.2.3.1 Productivity
With the assumption that volatile solids represent biomass, gross productivity represents
how much biomass was present per m2 of pond area per day while net productivity
represents how much biomass was produced within the pond per m2 of pond area per day.
For this study, the surface area of the pond was 3.5 m2. As suspended solids are
conventionally used to evaluate algal biomass, calculated productivities using volatile
solids include both algal and bacterial biomass and are likely overestimates compared to
those presented in literature. Conventionally, productivity can be used to determine
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potential biofuel generation in an algae pond. Municipal wastewater algae raceway
ponds typically have gross productivity ranges from 10 to 50 g VSS/m2-day, with a
typical annual mean of 25 g/m2-day.
With longer hydraulic residence times, lower productivities were expected, as longer
HRTs have shorter flowrates (Equation 3.9, Equation 3.10). Additionally, productivity
was expected to be lower in the winter due to colder temperatures that inhibit microbial
activity.
Mean gross productivity reflected expected trends with HRTs and seasons, although the
means between seasons had overlapping standard deviations (Table 4.26). Gross
productivities saw little variability throughout the study period (Figure 4.23). Mean net
productivity reflected expected trends during each season, but the 10-day HRT ponds had
the highest net productivity instead of the 7-day HRT ponds (Table 4.26). A time series
shows greater fluctuations in net productivity in the 7-day ponds which likely contributed
to the unexpected trend (Figure 4.22). However, means between ponds and between
seasons also had overlapping standard deviations, suggesting that different HRTs did not
result in noticeable differences in net productivity.
Despite overlapping standard deviations, differences in gross productivities between
HRTs were more noticeable than those in net productivities, suggesting that the
magnitude of volatile solids produced in the ponds were so small that its variability were
overshadowed by the variability of the influent’s large magnitudes of volatile solids.
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Figure 4.22 - Net productivity of algae ponds. Error bars represent standard deviation of
triplicate ponds. Error bars may not be visible as the standard deviations are too small.
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Figure 4.23 - Gross productivity of algae ponds. Error bars represent standard deviation
of triplicate ponds. Error bars may not be visible as the standard deviations are too small.
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Table 4.26 - Summary of gross and net productivity in algae ponds, presented in g/m2day.

Net
Productivity

Summer (n=16)
7-day
10-day
14-day
20.5 ±
21.9 ±
15.7
17.8

Gross
160.2 ±
Productivity
19.3
*Excludes one outlier

119.7 ±
20.7

-

7-day*

Winter (n=17)
10-day

14-day

9.15 ± 26.7

11.2 ± 19.6

8.7 ± 14.6

148.7 ±
28.2

107.2 ±
16.4

77.2 ± 15.6

4.2.3.1.1 Temperature
Temperature was expected to positively correlate to net and gross productivity, because
warmer temperatures are generally associated with faster rates of algae and bacterial
reproduction. For both net and gross productivity, all ponds saw a positive relationship,
but no correlation (R2 ≤ 0.1) with temperature (Figure 4.24, Figure 4.25). One possible
explanation is that the data were collected during too cold a temperature range to show a
difference in productivity. Further research is required to determine whether a
correlation is more evident at higher temperatures.
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Figure 4.24 - Temperature and net productivity correlation for algae raceway ponds.
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Figure 4.25 - Temperature and gross productivity correlation for algae raceway ponds.
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4.2.3.1.2 Insolation
Correlations between productivity and averaged insolation data from the CIMIS (#52)
weather station were analyzed to determine the relationship between productivity and
insolation. Both net and gross productivity had positive relationships and weak (0.1 < R2
≤ 0.4) to moderate (0.4 < R2 ≤ 0.8) correlations with insolation (Figure 4.26, Figure
4.27). The 14-day ponds had less data points due to its operation in solely the winter,
which might have contributed to its strong correlations. Overall, these correlation
analyses suggest that insolation had greater effects on the pond’s biomass than
temperature. The strong correlation in the 14-day HRT ponds speculates that the
productivity of 14-day ponds was more impacted by insolation than of the 7-day and 10day ponds, possibly due to the longer residence time and thus more treatment that
allowed for more sunlight to reach the cultures in the ponds.

Net Productivity (g/m2-day)
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Figure 4.26 - Net productivity and average insolation correlation for algae raceway
ponds.
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Figure 4.27 - Gross productivity and average insolation correlation for algae raceway
ponds.

4.2.3.2 Nitrogen Removal Rate Constant
For the correlation analysis, total ammonia nitrogen (TAN) first-order removal rate
constants were used instead of total nitrogen removal rate constants due to the greater
number of data points that could be used for the analysis.
4.2.3.2.1 Water Temperature
Theoretically, temperature and first-order removal rate constants were expected to have a
positive relationship. However, due to the unusual fluctuations in temperature during the
summer and disruptions to treatment (i.e. low insolation, insufficient dissolved oxygen
for biological treatment) during the winter, the highest removal rate constants occurred
when the systems were stabilized during the summer, which coincided with the lowest
water temperatures during the entire study period (Figure 4.28).
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Figure 4.28 - Temperature, TAN first-order removal rate constant time series for algae
ponds

Consequently, temperature had a negative relationship but no correlation with first-order
removal rate constants (R2 < 0.1) in the 7 and 10-day HRT ponds throughout the study
period. The 14-day HRT pond observed a positive, albeit not correlated, (R2 < 0.1)
relationship, as the data were not affected by the drop in temperature that occurred during
the summer period. The non-existent correlation was impacted by the unexpected
fluctuations and by the fact that the temperatures were already lower than optimal for the
first-order nitrification process. Therefore, further research is required to determine
whether a stronger correlation could be evident at higher temperatures, such as during the
warmer months of the summer, and whether the observed relationships can be seen
throughout a longer study period.
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Figure 4.29 - TAN first-order removal rate constant and temperature correlation

4.2.3.2.2 Insolation
As with productivity, insolation was expected to have a positive relationship with firstorder removal rate constants. Insolation ranged from a low of 190 to a high of 250 W/m2
during the summer and from 50 to 190 W/m2 during the winter (Figure 4.30). However,
in the winter period, the highest removal rate constants occurred during a week with the
lowest insolation. Additionally, the high removal rate constants were likely due to
dilution of the ponds from rain (Appendix F). Combined with the low removal rate
constants that occurred later in the winter period with high insolation, a negative
relationship between insolation and first-order removal rate constants were expected for
the winter period.
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Figure 4.30 - Insolation and first-order removal rate constant time series for algae
raceway ponds.

First order removal rate constants had a positive relationship with moderate (0.4 < R2 ≤
0.8) and weak (0.1 < R2 ≤ 0.4) correlations for the 7- and 10-day ponds, respectively, and

a negative relationship with weak correlation (0.1 < R2 ≤ 0.4) in the 14-day ponds
(Figure 4.31). For the 14-day ponds, insolation had a positive relationship with
productivity, but had a negative relationship with removal rate constant, most likely due
to TAN removal rate constants gradual declining during the winter period that was not
observed in productivity.
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Figure 4.31 - TAN removal rate constants and average 7-day insolation correlation for
algae raceway ponds.

4.2.3.2.3 Biomass
Volatile solids data were used as biomass concentration for the correlation analysis. In
contrast to the first-order removal rate constants, volatile solids concentrations had little
variation throughout the study period and ranged between ~2500 and ~6000 mg/L.
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Figure 4.32 - Volatile solids time series in algae ponds during study period.

TAN removal rate constants had no correlation (R2 < 0.1) with biomass for the 7-day and
10-day HRT ponds and a negative relationship with biomass and weak correlation in the
14-day HRT ponds (0.1 < R2 ≤ 0.4).
The 14-day HRT ponds observed highest removal rate constants in the beginning of
December when VS concentration in the ponds were at its lowest during the winter.
Unlike 7-day and 10-day ponds, the VS concentrations rose by more than 1500 mg/L by
the end of February when removal rates were declining and plateaued.
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Figure 4.33 - TAN first-order removal rate constant and biomass concentration
correlation in algae raceway ponds.

4.3 Aerated Biofilm Reactors
Each aerated biofilm reactor system is consisted of two tanks in series. Tank 1 and Tank
2 had thermally bonded geotextiles, while Tank 3 and Tank 4 had needle-punched
geotextiles. Given the limited number of passing data points, the following sections
include analyses on performance during and shortly after batch mode (Oct. 8, 2019 to
Nov. 30, 2019), a scrape test conducted to evaluate attached versus suspended biomass
and observations of sludge accumulation throughout the study period between Sept. 2019
to Mar. 2020.
To determine whether there were differences in performance between the two different
media, the first-order ammonia removal rate constants of the two systems are presented
first, followed by the results of the scrape test. The section concludes with a discussion
on sludge mass accumulation in the tanks.
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4.3.1 First-Order Removal Rate Constant
The first-order total ammonia nitrogen (TAN) removal rate constants were calculated for
the aerated biofilm reactors based on their operation as batch reactors. The “fuzzy” nonbonded geotextiles in Tank 3 and 4 were expected to provide higher removal rates than
the smooth thermally bonded polyethylene geotextiles in Tank 1 and 2, due to the greater
surface area of the loose threads (Craggs 2000).
During batch period, the water quality of solely the second tank in series was measured
and analyzed to represent the performance of the system. The first-order TAN removal
rate constants (1/day) were calculated using Equation 3.6. The TAN concentration in
the tank on the first day of the batch period was used as the influent and the concentration
in the tank after nine days was used as the effluent. A summary of values used and
calculated first-order rate constants are summarized in Table 4.27.
Table 4.27 - First-order removal rate constants (k) in tanks during batch mode (Oct. 8 –
23, 2019). Non-bonded geotextile type refers to the needle-punched geotextile.
Geotextile Type
Thermally
Bonded
Non-Bonded

Tank #

C0 (mg/L)

C (mg/L)

t (days)

k (1/day)

2

242.30

31.45

9

0.2268

4

241.08

0.46

9

0.6957

In both tanks, TAN concentrations observed during batch mode followed a first-order
reaction (Figure 4.34). Between the two systems, Tank 4 with the non-bonded
geotextiles removed ammonia at a faster rate than Tank 2 with the thermally bonded
geotextiles. The last two data points in Figure 4.34 did not pass quality control measures
due to a split that was 28% different from expected and were excluded from the
theoretical calculations. In Tank 4, a resurgence in TAN may have been the result of the

111

degradation of organic nitrogen to ammonia and lab analysis error, as there was no flow
or TAN entering the system until after Oct. 23, 2019, 3 p.m.

Tank 2 [TAN]
Tank 4 [TAN]

Tank 2, 1st Order Reaction
Tank 4, 1st Order Reaction

1000
100

TAN-N (mg/L)

10
1
0
0
Batch Period (10/8 - 10/23)
0
8-Oct

10-Oct

12-Oct

14-Oct

16-Oct

18-Oct

20-Oct

22-Oct

24-Oct

Figure 4.34 - Measured TAN (solid lines) and theoretical batch reactor first-order
reaction effluent TAN concentrations (dotted line) using reaction rates in Table 1. Points
with a solid outline indicate points that did not pass QAQC criteria. Tank 2 was
equipped with thermally bonded geotextile; Tank 4 was equipped with non-bonded
geotextile.

Between the two systems, mean pH, alkalinity, and temperature had negligible
differences according to overlapping standard deviations (Table 4.28). Both systems had
increases in pH and decreases in alkalinity from the influent, suggesting bacterial activity.
The temperatures were one to two degrees higher than the optimal range (15–20°C) for
nitrification but were not expected to inhibit any biological processes.
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Table 4.28 - Mean pH, alkalinity, temperature during batch mode, between Oct. 8 to
Oct. 23, 2019. pH and alkalinity were determined via lab analyses, temperature was
measured hourly via HOBO probes. SD is standard deviation of measurements over time.

pH
Alkalinity (mg as
CaCO3/L)
Temperature

0.23

Tank 2
(thermally
bonded)
8.17

3600

95

-

-

Influent

SD

7.85

0.22

Tank 4
(nonbonded)
8.30

0.23

2380

755

2150

835

20.4

1.5

20.9

1.3

SD

SD

Each tank was equipped with one aeration pump delivering air through a soaker hose.
The dissolved oxygen (DO) concentrations were measured hourly with a probe and
verified with a handheld probe at various times during batch mode. At the start of batch
mode, for both tanks, the dissolved oxygen concentrations were low due to the
overloading of TAN in the system. In Tank 2, once batch mode began, the DO
concentration began to increase, with a pattern of reaching a peak during the day (11
a.m.) and a nadir during the early evening (8 p.m.) (Figure 4.35). After Oct. 12, the
concentration steadily decreases until rapidly declining on Oct. 14. After Oct. 14, the DO
concentration is below 1 mg/L, indicating that the oxygen was being consumed instantly,
before rapidly resurging to levels greater than 7 mg/L on the Oct. 18. Afterwards, the
DO steadily declines again for the rest of the batch period.
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Figure 4.35 - Hourly Neptune DO and handheld DO concentrations in Tank 2.

Compared to Tank 2, the hourly DO concentrations were approximately 1 to 2 mg/L
lower in Tank 4 (Figure 4.36). Additionally, the depletion of DO (concentrations < 1
mg/L) occurs three days earlier in Tank 4 than in Tank 2. Combined with the trend in
TAN concentrations, the lower DO concentrations suggest that there was a microbial
population already established in the non-bonded geotextiles that were consuming the
DO and degrading TAN earlier than the microbial population in the smooth geotextiles.
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Figure 4.36 - Hourly Neptune DO and handheld DO concentrations in Tank 4.

Based on the concentrations of nitrate and nitrite in Tank 2 and Tank 4, the microbial
population includes some nitrifying bacteria that were producing nitrification byproducts
(Figure 4.37, Figure 4.38).
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Figure 4.37 - TAN, nitrate and nitrite concentrations during batch mode in Tank 2.
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Figure 4.38 - TAN, nitrate and nitrite concentrations during batch mode in Tank 4.
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4.3.2 Biomass Accumulation
A scrape test was conducted on Dec. 19, 2019 to estimate biomass concentration
accumulated on the geotextiles in each tank. This analysis assumed that biomass was
growing on both sides of the geotextiles and on the sides of the tank, excluding the
bottom surface. Additionally, this analysis averaged the biomass concentration on the
bottom, middle and top of the geotextile to represent the average concentration on the
geotextile. Based on the results, the first tank in series have a greater concentration of
attached biomass than in the second tank in series (Table 4.29). Between the two types,
the non-bonded geotextile had greater concentrations of attached biomass than the
thermally bonded geotextile, as expected.
Table 4.29 - Summary of scrape test, performed on Dec. 19, 2019
Textile
Type
Thermally
bonded

Nonbonded

Tank
#

n

% Solids

SD

mg VS per m2
of biofilm

SD

mg attached
VS per tank*

SD

1

3

7%

1%

12,783

4386

243,182

83

2

4

8%

1%

8,257

2561

157,068

49

3

4

9%

2%

17,698

8964

336,676

171

4

5

8%

1%

14,081

4312

267,875

82

*Assumed that total surface area for biofilm to grow on was 19 m2, including side of
tanks and both sides of geotextiles.

The ratio of volatile solids attached on the geotextile to volatile solids suspended in the
tank ranged between 0.03 to 0.09 amongst the four tanks (Table 4.30). Assuming that
the volatile solids represents the biomass, most of the biomass was suspended in the
water column of tank rather than growing on the geotextile. Between the two geotextile
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types, although the non-bonded geotextile had greater concentrations of attached VS, the
thermally bonded geotextile had greater concentrations of water column VS.
Table 4.30 - Summary of biomass in tanks.
Textile Type

Tank #

Attached
VS (g)

Thermally
bonded

1

243

Water
Column VS
(g)
4569

2

157

5429

0.03

3

337

3602

0.09

4

268

3291

0.08

Non-bonded

Attached VS: Water
Column VS ratio
0.05

Given the mass of volatile solids accumulated per square meter of biofilm, the amount of
geotextile needed to match the mass of suspended solids in the tank can be calculated.
For the thermally bonded geotextile system, Tank 1 and Tank 2 would require 188 and
346 sheets, respectively, to accumulate the same mass of suspended VS as attached VS.
For the non-bonded geotextile system, Tank 3 and Tank 4 would require 107 and 123
sheets, respectively. For this study, the 10 sheets were spaced approximately 0.1 m (4
in.) apart. To fit the sheets on the existing PVC cartridge, the spacing between each sheet
should be roughly 0.54 cm (0.21 in) and 0.29 cm (0.12 in) in Tanks 1 and 2, respectively,
and 0.96 cm (0.38 in) and 0.83 cm (0.33 in) in Tanks 3 and 4, respectively (Appendix
H). This would seem too tightly packed to allow water and air to circulate between the
panels.
4.3.3 Sludge Mass Accumulation
Since beginning operation on September 10, 2019, the aerobic biofilm reactors continued
to accumulate sludge at the bottom of the tanks until they were emptied on March 13,
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2020. Sludge was observed on the sparging tubes and in the tanks intermittently
throughout the 185 days of operation.
On Dec. 6, 2019, approximately a quarter inch of sludge accumulated on the sparging
tubes installed in Tank 3 (Figure 4.39).

Figure 4.39 - Sludge observed on soaker hose aerator in Tank 3.

In the tanks, a sludge judge was used to measure the depth of sludge on January 22 and
February 11, 2020. Additionally, during the desludging process on March 18, 2020, the
sludge depth was measured with a ruler after the water was decanted from the tank. A
summary of sludge depth measured is presented in Table 4.31.
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Table 4.31 - Sludge depth summary. Values are presented as mean ± standard deviation,
in inches. n is number of measurements from different locations of the tank.
Thermally bonded

Non-bonded

Date measured

n

Tank 1

Tank 2

Tank 3

Tank 4

Jan. 22, 2020

2

5±2

6±4

9±5

7±0

Feb. 11, 2020

5

8±4

8±2

7±3

5±1

Mar. 13, 2020

1

n/a

n/a

13

9

Sludge accumulated faster in the non-bonded geotextile tanks than in the thermally
bonded geotextile tanks. Assuming a linear increase in sludge depth, estimates of sludge
accumulation were calculated (Appendix I). In the thermally bonded geotextile tanks,
one inch of sludge accumulated over 23 days and 21 days in Tanks 1 and 2, respectively.
In the non-bonded geotextile tanks, one inch of sludge accumulated over 15 days and 20
days, in Tanks 3 and 4, respectively.
4.4 Comparison of Two Treatment Technologies
This thesis analyzed two types of treatment technologies: algae raceway ponds and
aerated biofilm reactors. In this section, TAN removal rates of each treatment technology
were compared to each other.
Both treatment technologies were operating at steady state during November 19 December 3, 2019. The algae raceway ponds were on a 7-day, 10-day and 14-day
hydraulic residence time (HRT), while the aerated biofilm reactors were on a 10-day
HRT with one aerator.2 A summary of the average TAN concentrations and removal
rates for each treatment unit is summarized in Table 4.32.

2

On Nov. 25, 2019, the influent was not pulsing into all treatment units for 24 hours due to the influent
pump clogging. However, the data points were not excluded as they affected all treatment units and were
not expected to affect the treatment that was observed.
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In the algae raceway ponds, longer HRTs resulted in greater percent removal as expected.
However, volumetric and areal removal rates were similar among the 7-day and 14-day
ponds and were fastest for the 10-day ponds. The 10-day ponds had the most ammonia
removed per day, suggesting that the 10-day HRT ponds can provide ‘optimal’ removal
rates when compared to 7-day and 14-day HRT ponds. However, this observation should
be investigated further with more data points over a longer time period as the analysis
only covered a two-week time period.
The aerated biofilm reactors resulted in more removal and faster removal rates compared
to the algae raceway ponds. The bioreactors removed ~3 g more of TAN-N per m3 of
liquid treated per day and ~35 g more of TAN-N per m2 of land area per day compared to
the ponds. Thus, the aerated biofilm reactor would be more suitable for a dairy farmer
who wanted to use less land. The costs of the systems are beyond the scope of this thesis.
For the aerated biofilm reactors, the non-bonded geotextile tanks had lower removal rate
constants than the thermally bonded geotextile tanks, which was different from the results
observed during batch mode (Section 4.3.1). After batch mode, the non-bonded
geotextile tanks had a resurgence in TAN concentration. Based on the biomass and
sludge mass accumulation analyses, the non-bonded geotextile tanks had a greater mass
of solids that could have been sloughed off from the geotextiles, consequently limiting
oxygen by covering the soaker hoses providing aeration and possibly contributing to
TAN resurgence after batch mode. According to HOBO dissolved oxygen measurements,
the dissolved oxygen concentrations were ~2 mg/L in the thermally bonded geotextile
tanks and ~0.9 mg/L in the non-bonded geotextile tanks. The thermally bonded geotextile
tanks had less mass of attached biomass and a greater mass of biomass in the water
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column which may have contributed to better TAN treatment during continuous
operation.
Table 4.32 - Summary of mean TAN concentration and removal rates during continuous
operation of algae raceway ponds and aerated biofilm reactor, for samples collected
between Nov. 19 and Dec. 3, 2019 (n=3).
Treatment
Unit Type

Treatment

Mean
Eff. TAN
(mg-N/L)

SD

Volumetric
(g-N/m3day)

Areal
(g-N/m2day)

1st Order
(1/day)

Influent

246.6

6.8

-

-

-

Algae
Raceway
Ponds

7-day

154.0

16.3

13.2

3.6

0.1

10-day

81.4

6.2

16.5

4.5

0.2

14-day

57.5

19.7

13.5

3.6

0.2

Aerated
Biofilm
Reactor,
10-day HRT

Thermally
bonded
Nonbonded*

56.7

3.9

19.0

43.3

0.3

87.6

15.3

15.9

36.2

0.2

*n=2 due to rain impacting operation (continuous flow for 24 hours) on Dec. 1, 2019.
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5. CONCLUSIONS
The research objectives addressed in this thesis were:
•

For the algae raceway ponds:
1. To what extent was biomass productivity correlated to water temperature,
insolation, or biomass concentration?
2. To what extent was total ammonia nitrogen removal rate constant
correlated to water temperature, insolation, or biomass concentration?

•

For the aerated biofilm reactors:
1. Were there differences in first-order ammonia removal rate constants
between the systems of different attached media?
2. How much of the biomass was attached versus suspended in the tanks?
3. What was the sludge mass accumulation rate on the floor of the tanks?

For the algae raceway ponds, additional questions were addressed to better understand
the treatment.
•

What fraction of the total solids were soluble after pond treatment?

•

What fraction of the total solids were volatile after pond treatment?

•

What fraction of the soluble volatile solids were non-biodegradable?

•

What was the organic nitrogen content of the biomass (VSS, VS)?

•

What was the soluble organic N concentration after treatment?

•

How did TN and TAN removal rate compare between the summer and winter
periods?

•

What nitrogen removal mechanisms are involved in treatment?
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5.1 Summary of Findings
The following sections review the findings of this thesis in relation to the questions and
research objectives presented above.
5.1.1 Correlations Observed in Ponds
Pond temperature had no correlations with gross productivity, net productivity and firstorder TAN removal rate constants, likely due to the average temperatures being less than
15°C, hence too cold for optimal microbial activity (Tchobanoglous 2003), throughout
the study period. Nevertheless, increasing temperatures resulted in increasing
productivities, as expected. Unexpected variabilities in temperature and operational
disruptions resulted in inconsistent relationships with removal rate constants in the 14day ponds. Further research is required to determine whether strong correlations would
be evident at warmer temperatures and whether the observed relationships can be
replicated throughout a longer study period.
Insolation had weak to moderate correlations with the gross productivity, net productivity
and first-order TAN removal rate constants, likely due to the murkiness of the water
caused by the solids and humic substances that absorb light in the ponds (Craggs 2003).
Nevertheless, increasing insolation resulted in increasing productivities, as expected. For
the same reasons mentioned above for temperature, inconsistent relationships with
removal rate constants were observed in the 14-day ponds. Further research is required
to determine whether the observed relationships can be replicated throughout a longer
study period.
Volatile solids concentrations, used to represent biomass, had weak to no correlation with
first-order removal rate constants. The relationship in the 14-day ponds were inconsistent
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with that found in the 7-day and 10-day HRT ponds. For the reasons mentioned above
for temperature and insolation, during the entire study period, higher volatile solids
concentrations coincide with higher removal rate constants. However, due to the weak
correlation strength, further research is required to confirm this pattern.
Table 5.1 - Summary of correlations in algae ponds.
Pond Temperature

Insolation

VS Concentration

Gross productivity

None

Weak/Moderate

-

Net productivity

None

Weak/Moderate

-

Weak/Moderate

None/Weak

st

TAN 1 order removal
None
rate constant
1 2
R ≤ 0.1 = No Correlation; None
0.1 < R2 ≤ 0.4 = Weak Correlation
0.4 < R2 ≤ 0.8 = Moderate Correlation
0.8 < R2 = Strong Correlation

5.1.2 Characterization of Organic Compounds in Ponds
Both the influent and pond effluent solids were predominantly (~78%) comprised of
soluble matter, most of which were inorganic compounds that are easily removable
through biological processes. Organic compounds constituted 35% of the total solids and
74% of the total suspended solids. In terms of oxygen demand, organic compounds
exerted an oxygen demand of 3400 ± 120 mg/L, of which 30% were from the soluble
constituents and 2% were biodegradable after pond treatment. Therefore, after pond
treatment, most of the organic compounds were particulate and, based on an increase
from the influent, demonstrated the assimilation of soluble organic compounds. Soluble
organic solids concentrations were at magnitudes of ~2300 mg/L and primarily
comprised of non-biodegradable compounds (~98% of soluble oxygen demand), which
might inhibit the growth of nitrifiers and limit the degradability of the wastewater.
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Continuing the characterization of organic compounds, 6% of the organic solids were
comprised of organic nitrogen, which were at magnitudes ~ 250 mg/L in the ponds. The
increases in organic nitrogen after pond treatment were statistically insignificant and
require more data points to confirm the results. Out of the total organic nitrogen in the
ponds, roughly 15 to 20% were soluble. Soluble organic nitrogen concentrations, which
were expected to be non-biodegradable, were ~35 mg/L and represented the
concentration of nitrogen that is not expected to be removed during treatment.
5.1.3 Removal, Removal Rates, Productivity in Ponds
During each season, total nitrogen (TN) removal and removal rates had statistically
insignificant differences between different hydraulic residence times (HRT). Regardless,
the results showed that mean removal rates were slowest in the 14-day ponds, as
expected. TN removal was lowest in the 14-day ponds, which was unexpected and due to
the presence of nitrate and nitrite that were absent in the 7-day ponds.
During each season, total ammonia nitrogen (TAN) removal had statistically significant
differences between the different HRTs. Unlike TN, TAN percent removal was highest
in the 14-day ponds and higher in the summer, as expected. Differences in TAN removal
rates among HRTs were statistically significant in the summer and insignificant in the
winter. In the winter, removal rates increased sharply at the end of November, possibly
due to rain that diluted the ponds, then decreased during December. The decrease in
removal rates occurred most likely due to low insolation that inhibited algae
photosynthesis, consequently reducing production of algae that nitrifying bacteria need to
sustain their population in the ponds. This pattern was confirmed by the coinciding
depletion of nitrate in the 10-day and 14-day ponds during December. The absence of
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nitrate and nitrite suggested that a stable nitrifier population was not sustained in the 7day HRT ponds throughout the entire study period.
When designing algae ponds for dairy wastewater, winter performance should be used to
account for decrease in insolation that may lead to decreased algal photosynthesis and
dissolved oxygen concentrations, which impact biological treatment of TAN.
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Table 5.2 - Summary of nitrogen removal and removal rates in algae raceway ponds.
Summer

Loading Rate
g/day
g/m3-day
g/m2-day
% Removal
Removal Rate
1/day
g/m3-day
g/m2-day

7-day

Total Nitrogen
10-day

14-day

7-day

Total Ammonia Nitrogen
10-day

57.0
60.3
16.3

39.9
42.2
11.4

-

33.3
35.2
9.5

23.3
24.7
6.7

-

19 ± 5

13 ± 6

-

51 ± 11

68 ± 4

-

0.038 ± 0.009
11.2 ± 3.2
3.0 ± 0.9

0.025 ± 0.007
5.7 ± 2.6
1.5 ± 0.7

-

0.17 ± 0.08
18.1 ± 4.5
4.9 ± 1.2

0.23 ± 0.05
16. 7 ± 2.2
4.5 ± 0.6

-

14-day

Winter

Loading Rate
g/day
g/m3-day
g/m2-day
% Removal

7-day

Total Nitrogen
10-day

14-day

7-day

Total Ammonia Nitrogen
10-day

66.7
70.6
19.1

46.7
49.4
13.3

33.3
35.3
9.5

34.7
36.7
9.9

24.3
25.7
6.9

9.9
6.9
4.9

20 ± 1

19 ± 2

18 ± 2

32 ± 9

53 ± 16

63 ± 17

0.036 ± 0.002

0.025 ± 0.003

0.016 ± 0.002

0.07 ± 0.03

0.14 ± 0.08

0.18 ± 0.15

14.3 ± 0.5
3.9 ± 0.1

9.7 ± 0.9
2.6 ± 0.3

6.4 ± 0.5
1.7 ± 0.1

11.5 ± 3.1
3.1 ± 0.8

13.4 ± 3.7
3.6 ± 1.0

11.4 ± 2.8
3.1 ± 0.8

14-day

Removal Rate
1/day
g/m3-day
g/m2-day
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A summary of gross and net productivity is presented in Table 4.26. Productivities were
higher in the summer than in the winter. Overlapping standard deviations suggested that
different HRTs did not result in statistically significant productivities. Differences in
gross productivities between HRTs were more noticeable than those in net productivities,
suggesting that the magnitude of volatile solids produced in the ponds were so small that
differences in them were overshadowed by the larger differences of volatile solids in the
influent alone.
5.1.4 Comparison of Geotextiles
During batch mode, the non-bonded polypropylene geotextile resulted in faster removal
rates than the thermally bonded polyethylene geotextile (Table 4.27). The observation
was aligned with expectations, as the manufacturing method of the non-bonded
polypropylene generated more surface area for bacteria to colonize on. However, after
batch mode, the non-bonded geotextile tanks had slower removal rates than the thermally
bonded geotextile tanks while continuously operating at a 10-day HRT (Table 4.32). This
was likely due to the greater mass of solids attached to the geotextiles that sloughed off
and covered the soaker hoses that limited dissolved oxygen levels in the tanks.
Additionally, the greater concentration of biomass in the water column in the thermally
bonded geotextiles tank may have been contributing to its faster removal rates during
continuous operation.
5.1.5 Attached versus Suspended Biomass
With the assumption that volatile solids represent biomass, the non-bonded geotextile
accumulated more attached biomass compared to the thermally bonded geotextile.
Among the four tanks, the mass of attached biomass per tank ranged between 150 to 350
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g, while suspended biomass ranged between 3300 to 5500 g per tank. The non-bonded
geotextile also had a higher attached to suspended volatile solids ratio (~0.08) compared
to the thermally bonded geotextile (~0.04).
5.1.6 Sludge Accumulation
The non-bonded geotextile tank accumulated sludge faster than the thermally bonded
geotextile tanks. One inch of sludge would accumulate in ~24 days in the thermally
bonded geotextile tanks and ~17 days in the non-bonded geotextile tanks. Additionally,
sludge accumulation on aerators should be considered in the maintenance of the treatment
units.
5.1.7 Comparison Between the Two Treatment Units
The aerated biofilm reactors resulted in more removal and faster removal rates compared
to the algae raceway ponds. For dairy farmers who wish to use less land, combining
aeration and attached media are potential areas of investment for treating their
wastewater.
5.2 Study Limitations
For the ponds, configuration of the Neptune probes was not finalized until halfway
through the summer period. Consequently, the temperature data used to form
correlations does not account for earlier, hotter periods in the summer.
For the aerated biofilm reactors, the scrape test did not capture the biomass growth within
the sheets. The geotextile also had variations in the top, middle and bottom of the sheet
that should be investigated further to get a more accurate representation of biomass that
grew on the sheet.
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5.3 Future Research
In the ponds, future research should investigate how to sustain nitrifier populations and
increase dissolved oxygen concentrations during the winter. To sustain nitrifier
population, research could explore adding attached media within the ponds. To increase
dissolved oxygen concentrations, testing various paddlewheel mixing rates, adding
intermittent supplemental aeration to account for low insolation in the winter period
could be explored. Additionally, clarifying the lagoon water prior to or during pond
treatment should increase algae production and treatment.
In the aerated biofilm reactors, further research should investigate whether having
attached media makes a difference to treatment given its low biomass compared to
lagoon suspended biomass. Additionally, sludge accumulation should be more closely
monitored and managed throughout future studies, as it is a substantial portion of the
operation and maintenance of the experimental system.
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APPENDICES
A. Materials Specifications
Description
Sump Pump
Geotextile in Tank 1 and
2
Geotextile in Tank 3 and
4
Air Pump
Air Pump

Tank DO probe
Handheld DO &
Temperature Probe
Pond Probes

Model No
Field Set Up
SP33A
Landmaster Polyspun 300
TerraTex SD
Air Force Pro 40

Company

Location

Crane Pumps
Easy Gardener
Products
Hanes Geo
Components
Sunlight Supply,
Inc
Sunlight Supply,
Inc

Piqua, OH
Waco, TX

Eco Air Commercial Air
Pump Mo. 728459, 3566
gph
HOBO Dissolved Oxygen Onset Computer
Probe
Corporation
YSI PRO20 Mfr #6050020 YSI Incorporated
Apex, Apex Fusion

Neptune Systems

Tanks

1250-L Tanks

SCHUTZ Ltd.

Ponds

Model RW3.4

MicroBio
Engineering

0.45 um nominal pore
size filter
1.2 um pore size glass
fiber filters
pH probe

Laboratory Analysis
Fisherbrand Model No.
Fisher Scientific
SA1J92H5
Catalog No. 28333-139
VWR
International
Oakton 35811-72
Cole-Parmer

pH meter
Nitrate Ion Selective
Electrode
Nitrate ISS
Nitrite Colorimetric
Reagent
Nitrite Standard Solution
Nitrite Standard Solution,
Chloroform
Spectrophotometer

Winston
Salem, NC
Vancouver,
WA
Vancouver,
WA
Bourne, MA
Yellow
Springs, OH
Morgan Hill,
CA
Townamore,
Ireland
San Luis
Obispo, CA
Waltham, MA
Radnor, PA

Oakton pH 11 series pH
mV C meter
Orion 9700BNWP

Cole-Parmer
Fisher Scientific

Vernon Hills,
IL
Vernon Hills,
IL
Waltham, MA

Orion Interference
Suppressor Solution
Fisher Cat. No. 1465-254
Fisher Cat. No. S347-500

Fisher Scientific

Waltham, MA

Fisher Scientific

Waltham, MA

Fisher Scientific

Waltham, MA

Fisher Cat. No. S25248

Fisher Scientific

Waltham, MA

Shimadzu UV-1700 UVVIS

Shimadzu
Corporation

Kyoto, Japan
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Total Ammonia Nitrogen
Analyzer
Total Nitrogen test kit
Spectrophotometer (TN)

NPOC/SN Analyzer
NPOC/SN Analyzer

Timberline TL-2800
Analyzer
HACH Test Kit #2714100
- 2 to 150 mg/L
Benchtop
Spectrophotometer DR
3800
TOC-V CPH/CPN
Analyzer
TNM Module
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Timberline
Instruments
Hach Company

Boulder, CO

Hach Company

Loveland, CO

Shimadzu
Corporation
Shimadzu
Corporation

Kyoto, Japan

Loveland, CO

Kyoto, Japan

B. HRT Calculations
The volume of flow required to achieve target hydraulic residence times (HRTs) were
calculated using Equation 7.1.
Equation 7.1 - Hydraulic Residence Time
𝐻𝑅𝑇 =

𝑉 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑖𝑛 𝑡𝑎𝑛𝑘
𝑄 (𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑑𝑎𝑦)

The influent flow volumes were calculated for both algae raceway ponds and aerated
biofilm reactors (Table 7.1, Table 7.2). The liquid volume in the ponds was 945-liters.
For the aerated biofilm reactors, the hydraulic residence time applied for the whole
system (two tanks combined). Consequently, the liquid volume for one aerated biofilm
reactor system was 2280-liters.
Table 7.1 - Calculated influent flow volumes for algae raceway ponds.
HRT
(days)
7
10
14

# of pulses per day
8
8
8

Required volume
per day (L/day)
135
94.5
67.5

Volume needed per
pulse (L)
16.8
11.8
8.43

Table 7.2 - Calculated influent flow volumes for aerated biofilm reactors.
HRT
(days)
10
10
18

# of pulses per day

Required volume
per day (L/day)

Volume needed per
pulse (L)

8
12
12

228
228
126

28.5
19
10.5

Influent pulses were measured during weekly field operation checks, as described in
Section 3.2. Measured pulses were used to calculate actual HRTs to verify whether target
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HRTs were achieved in the two treatment technologies. Throughout the study period, the
ponds and reactors were receiving influent pulses as expected (Table 7.3, Table 7.4).
Table 7.3 - Mean actual hydraulic residence times (HRT) in algae raceway ponds. n
represents number of influent pulse measurements used to calculate actual HRT. SD
represents standard deviations among actual HRT over time.

Pond
1
2
3
4
5
6
Pond
1
2
3
4
5
6

Summer
Mean Actual HRT
Target HRT (days)
(days)
7
6.83
7
6.97
7
6.81
10
9.66
10
10.42
10
9.72
Winter
Mean Actual HRT
Target HRT (days)
(days)
14
14.41
7
7.22
7
7.00
10
10.26
10
10.74
14
15.05

SD

n

0.17
0.26
0.30
0.83
0.95
0.68

5
5
4
5
5
5

SD

n

1.27
0.43
0.17
0.19
0.24
1.17

14
16
16
15
17
17

Table 7.4 - Mean actual hydraulic residence times (HRT) in aerated biofilm reactors. n
represents number of influent pulse measurements used to calculate actual HRT. SD
represents standard deviations among actual HRT over time.
Tank
1 and 2
3 and 4

Target HRT
10
10
10
18

Mean Actual HRT
(days)
9.73
9.44
11.36
20.04

SD

n

0.97
0.12
1.68
1.06

6
4
4
3

*Removed measurements where the entire pulse was not captured
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C. Turbidity Experiment Results
On September 10, 2019, a turbidity experiment was conducted on Tank 1 of the aerated
biofilm reactors to verify complete mixing in a single tank equipped with a soaker hose
aerator. The tank was filled with tap water and the valve was open to let influent in and
samples were taken from the sampling valve every 30 seconds. After 8 minutes, turbidity
in the tank plateaued between 250 and 260 NTU, indicating there was complete mixing in
the tank.

400

Mean turbidity (NTU)

350
300
250
200
150
100
50
0
0:00

3:00

6:00
9:00
Time (minutes)

12:00

15:00

Figure 7.1 - Measured turbidity in Tank 1 of aerated biofilm reactors on September 10,
2019.
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D. Diel Study Results
On September 17th and 18th, 2019, a DIEL study was conducted to observe variations in
pH, alkalinity, volatile solids, total ammonia nitrogen (TAN), nitrate, and nitrite
throughout the day at 4-hour intervals. During the day, pH fluctuated by 0.3, with the
highest pH early in the morning (6 a.m.) and the lowest in the afternoon (4 p.m.) for both
the ponds and the influent. The variations in pH were likely due to increases in
temperature during the day, which lowers pH (Figure 7.2). Alkalinity variations were
within 100 - 150 mg/L, when outliers were excluded (Figure 7.3). Volatile solids
concentrations were at their lowest in the afternoon for dairy influent. Not a lot of
variation was observed throughout the day in the ponds.

8.6

Influent

pH

8.5

Pond 1: 7-day HRT

8.4

Pond 3: 7-day HRT

8.3

Pond 4: 10-day HRT

8.2

Pond 6: 10-day HRT

8.1
8.0
7.9
7.8
7.7
0

4

8
12
16
Hours after Sept 17, 6 a.m.

20

Figure 7.2 - Diel pH in algae ponds (Sept. 17 and 18, 2019)
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3900

Alkalinity (mg as CaCO3/L)

Influent
3800

Pond 1: 7-day HRT

3700

Pond 3: 7-day HRT
Pond 4: 10-day HRT

3600

Pond 6: 10-day HRT
3500
3400
3300
3200
3100
0

4

8
12
16
Hours after Sept 17, 6 a.m.

20

Figure 7.3 - Diel alkalinity concentrations in algae ponds (Sept. 17 and 18, 2019)
5000

Influent

Volatile Solids (mg/L)

4500

Pond 1: 7-day HRT

4000

Pond 3: 7-day HRT

3500

Pond 4: 10-day HRT

3000

Pond 6: 10-day HRT

2500
2000
1500
1000
500
0
0

4

8
12
16
Hours after Sept 17, 6 a.m.

20

Figure 7.4 - Diel volatile solids concentrations in algae ponds (Sept. 17 and 18, 2019)

Ammonia concentrations had little variability throughout the day in the influent or the
ponds. Similarly, nitrate and nitrite did not fluctuate much during the study. Pond 6 had
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inverse trends in nitrate and nitrite, where nitrate was high in the day when there was
enough sunlight for algae to photosynthesize and generate enough oxygen, and nitrite
was high at night. The pattern was evident in the other ponds, but at lower
concentrations.
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Figure 7.5 - Diel TAN-N concentrations in algae ponds (Sept. 17 and 18, 2019)
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Figure 7.6 - Diel nitrate concentrations in algae ponds (Sept. 17 and 18, 2019)
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Figure 7.7 - Diel nitrite concentrations in algae ponds (Sept. 17 and 18, 2019)
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E. JMP One-way ANOVA Results
Results from JMP one-way ANOVA tests are presented in the following section.
Total Nitrogen, Percent removal, Study period
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Total Nitrogen, First order removal rate constant, Study period
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Total Nitrogen, Volumetric removal rate, Study period
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Total Nitrogen, Areal removal rate, Study period
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Total ammonia nitrogen, Percent removal, study period

150

Total ammonia nitrogen, First order removal rate constant, Summer period
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Total ammonia nitrogen, First order removal rate constant, Winter period
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Total ammonia nitrogen, Volumetric removal rate, Summer period

153

Total ammonia nitrogen, Volumetric removal rate, Winter period
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Total ammonia nitrogen, Areal removal rate, Summer period
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Total ammonia nitrogen, Areal removal rate, Winter period
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F. CIMIS Data

Figure 7.8 - Daily Average Air Temperature from CIMIS Station #52. Horizontal
vertical lines indicate average temperature for respective seasonal period.

Figure 7.9 - Daily Solar Radiation from CIMIS Station #52
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Figure 7.10 - Daily Precipitation from CIMIS Station #52
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G. Assimilated Nitrogen Calculations
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H. Theoretical Geotextile Sheet Gap Width Calculations

160

I. Sludge Accumulation Calculations

161

J. Effluent Pipe and Pond Solids Comparisons
Between August 15 and December 12, 2019, standpipe effluent solids analyses were
conducted to determine if the pond samples were representative of the solids that would
be harvested into biofuel after leaving the standpipe (Section 3.4.2). Total solids in the
pond and in the standpipe effluent had a negligible difference of 5%, and the average
VS/TS ratio were 35% for both types of samples (Table 7.5). Therefore, pond samples
were representative of what would be harvestable and used to determine productivity.
Table 7.5 – Summary of VS/TS ratio in pond and effluent pipe samples from August 15
to December 12, 2019.
Pond #
1
2
3
4
5
6

Pond
0.35
0.34
0.35
0.34
0.41
0.34

Effluent VS

Pond VS

Effluent
0.35
0.35
0.36
0.36
0.35
0.35

Difference
0%
1%
1%
2%
6%
1%

Effluent NVS

Pond NVS

14000

Total Solids (mg/L)

12000
10000
8000
6000
4000
2000
0
Pond 1

Pond 2

Pond 3

Pond 4

Pond 5

Pond 6

Figure 7.11 - Total solids concentrations in standpipe effluent and pond samples.
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K. 0, 3, 24-hour Solids Comparisons in Algae Raceway Ponds
To determine settleability of solids in the algae raceway ponds, 0-, 3-, and 24-hour solids
analyses were conducted between Jan. 16 and Mar. 5, 2020 (Section 3.5.5.3). In the
influent, there was a 4% decrease after settling for 3 hours, and an increase after settling
for 24 hours. In the ponds, there was an average 5% decrease after settling for 3 hours,
and an additional 3% decrease after settling for 24 hours. VS/TS ratio for 0-hr, 3-hr and
24-hr solids were 0.34, 0.31, 0.31, respectively, so volatile solids were settling more than
non-volatile solids over time (Figure 7.12). Additionally, 0-hr solids, compared to 3and 24- hour solids, had more variability among lab triplicates due to the “clumps” of
solids that did not settle. The 0-hour solids data among the ponds had a 41% fail rate
throughout the solid compared to 10% for 3 and 24 hours.
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Figure 7.12 - Mean 0, 3, 24-hour total solids concentrations from samples collected
between Jan. 16 and Mar. 5, 2020. Dark colors represent volatile solids, light color
represents non-volatile solids.
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